
Processed by Luminess, 75001 PARIS (FR)

(19)
EP

4 
00

0 
89

5
A

1
*EP004000895A1*

(11) EP 4 000 895 A1
(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
25.05.2022 Bulletin 2022/21

(21) Application number: 21207623.6

(22) Date of filing: 10.11.2021

(51) International Patent Classification (IPC):
B29C 70/38 (2006.01) B29C 70/54 (2006.01)

B64C 1/06 (2006.01) B64F 5/10 (2017.01)

B64F 5/50 (2017.01) G05B 19/418 (2006.01)

B23P 21/00 (2006.01)

(52) Cooperative Patent Classification (CPC): 
B23P 21/004; B29C 70/38; B29C 70/386; 
B29C 70/54; B29C 70/545; B64C 1/068; 
B64F 5/10; B64F 5/50; G05B 19/4182; 
B23P 2700/01 

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME
Designated Validation States: 
KH MA MD TN

(30) Priority: 18.11.2020 US 202063115084 P
26.01.2021 NL 2027413

(71) Applicant: The Boeing Company
Chicago, IL 60606-1596 (US)

(72) Inventors:  
• Erickson, Jordan S.

Chicago, 60606-1596 (US)
• Louie, Michael K.

Chicago, 60606-1596 (US)

(74) Representative: Arnold & Siedsma
Bezuidenhoutseweg 57
2594 AC The Hague (NL)

(54) INDEXING APPARATUS AND METHOD OF INDEXING

(57) An indexing apparatus (100) includes a fixture
tool (102), movable relative to an operation cell (106) and
an indexing feature (104), fixed relative to the fixture tool
(102). The indexing apparatus also includes a gripper
(108), configured to engage the indexing feature. The
indexing apparatus further includes a controller (110), in

communication with the gripper (108). The controller
(110) is configured to locate the fixture tool (102) relative
to the operation cell (106) from a gripper location (114)
of the gripper (108), engaged with the indexing feature
(104).
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Description

FIELD

[0001] The present disclosure generally relates to
manufacturing and, more particularly, to an indexing ap-
paratus and method of indexing during a manufacturing
operation.

BACKGROUND

[0002] Many structures, parts, and components are
manufactured using large automated machines that have
a fixed base and that operate along a predetermined tool-
path under computer control. Such manufacturing tech-
niques require accurate indexing of a workpiece relative
to the machine. One method of indexing the workpiece
is to probe the workpiece at different locations to align,
or "zero", a work tool of the machine with the immediate
location of the workpiece based on the probed locations.
Another method of indexing the workpiece is to secure
the workpiece at a specific, repeatable location using a
fixture. However, both methods can be time consuming
and expensive processes, which require extensive set-
up each time the workpiece is moved to a new work lo-
cation or a new workpiece is moved to the work location.
This problem is exacerbated for large structures, such
as aircraft spars, wing sections, fuselage sections, and
the like, which may require an extremely large number
of probe locations or extremely large fixtures. Further-
more, neither of these methods are conducive for con-
tinuous manufacturing in which there is a need to quickly
and accurately move the workpiece from one work loca-
tion to another work location. Accordingly, those skilled
in the art continue with research and development efforts
in the field of indexing during manufacturing and, as such,
apparatuses and methods intended to address the
above-identified concerns would find utility.
[0003] The abstract of EP 3 733 387 A1 states "stiffener
composite charge placement system (1100) is present-
ed. The stiffener composite charge placement system
comprises a longitudinal end effector (1104) having a
first attachment point and a second attachment point; a
first rotational arm (1108) having a first connector con-
figured to connect to the first attachment point; a first
movement system configured to move the first rotational
arm within a manufacturing environment; a second rota-
tional arm (1110) having a second connector configured
to connect to the second attachment point; and a second
movement system configured to move the second rota-
tional arm within the manufacturing environment.
[0004] The abstract of EP 2 923 794 A1 states that a
"system for assembly manufacturing may include at least
one tacking cell (20) configured to perform at least one
tack fastening operation on a workpiece, at least one
fastening cell (22) configured to perform at least one final
fastening operation on the workpiece and a material-han-
dling system (26) linking the tacking cell (20) and the

fastening cell (22), wherein the material-handling system
(26) positions the workpiece within the tacking cell (20)
and wherein the material-handling system (26) transfers
the workpiece from the tacking cell (20) to the fastening
cell (22).
[0005] The abstract of EP 3 18 699 A1 states that "sys-
tems (100) and methods (1100) are provided for proxim-
ity detection in a fabrication environment. One embodi-
ment is a method (1100) for reporting proximity in an
assembly environment (130). The method (1100) in-
cludes inserting (1102) an arm (1026) of a bracket (1020)
into an interior (1004) of a part (1000) that is held by a
cradle (1010), and that is worked upon by a robot
(140,1030,1250), placing (1104) indexing features
(1016) at the bracket (1020) into contact with indexing
features (1023) of the cradle (1010), operating (1106)
sensors (120, 1028, 1270) at the bracket (1020) to di-
rectly detect a location of a first proximity detector (160,
300, 410, 1260) worn by a technician (150, 920) and a
location of a second proximity detector (162, 300, 420,
430, 1290) at the robot (140, 1030, 1250), and directing
(1108) the first proximity detector (160, 300, 410, 1260)
to provide a warning to the technician (150, 920) if a dis-
tance between the first proximity detector
(160,300,410,1260) and the second proximity detector
(162, 300,420, 430, 1290) is less than a threshold.
[0006] The abstract of EP 0 807 504 A1 states "a meth-
od of manufacturing a laid-up, bonded and, cured com-
posite part, includes filling a groove (64) on a facing sur-
face of a tool (32) with a foaming, self-skinning sacrificial
material and covering the facing surface of the tool with
a caul sheet. The tool is heated to cure the foaming ma-
terial, filling the groove and forming a hard, smooth sur-
face skin on the foam, flush with the facing surface of the
tool. A series of plies (85) are laid-up on the facing surface
of the tool to form a tool-side skin, and other components
(84) of the part are laid-up on top of the tool-side skin
plies. An adhesive/resin matrix is coated on or pre-im-
pregnated into the skin plies and the components for
bonding/curing to create a rigid integral assembly of the
akin and components. A vacuum bag (71) is applied over
the laid-up skin and components. The adhesive/resin ma-
trix is bonded/cured to transform the skin and compo-
nents into the rigid integral assembly. The tool is fixed in
a known position on a CNC machine tool bed to position
the facing surface of the tool at a known position for edge
routing of the rigid integral assembly by a machine tool.
A cutter (68) of the machine tool is guided on a prede-
termined path around the facing surface of the tool, with
the cutter extending into the groove below the facing sur-
face of the tool and cutting a peripheral edge around the
rigid integral assembly. After edge routing, the rigid inte-
gral assembly is a finished part and is removed from the
facing surface of the tool".

SUMMARY

[0007] The following is a non-exhaustive list of exam-
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ples, which may or may not be claimed, of the subject
matter according to the present disclosure.
[0008] In an example, a disclosed indexing apparatus
includes a fixture tool, movable relative to an operation
cell and an indexing feature, fixed relative to the fixture
tool. The indexing apparatus also includes a gripper, con-
figured to engage the indexing feature. The indexing ap-
paratus further includes a controller, in communication
with the gripper. The controller is configured to locate the
fixture tool relative to the operation cell from a gripper
location of the gripper, engaged with the indexing feature.
[0009] In an example, a disclosed manufacturing sys-
tem includes an automated machine, located in an op-
eration cell and configured to perform at least one man-
ufacturing operation. The manufacturing system also in-
clude a fixture tool, configured to support a workpiece
and movable relative to the operation cell, and an index-
ing feature, fixed relative to the fixture tool. The manu-
facturing system further includes a gripper, configured to
engage the indexing feature. The manufacturing system
also includes a controller, in communication with the grip-
per and the automated machine. The controller is con-
figured to locate the fixture tool relative to the operation
cell from a gripper location of the gripper, engaged with
the indexing feature. The controller is also configured to
index the automated machine relative to a fixture-tool
location of the fixture tool.
[0010] In an example, a disclosed method of manufac-
turing includes steps of: (1) moving a fixture tool relative
to an operation cell; (2) engaging an indexing feature with
a gripper ; (3) locating the fixture tool relative to the op-
eration cell from a gripper location of the gripper, engaged
with the indexing feature ; and (4) indexing an automated
machine relative to a fixture-tool location of the fixture
tool.
[0011] Other examples of the disclosed apparatus,
system, and method will become apparent from the fol-
lowing detailed description, the accompanying drawings
and the appended clauses.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

Fig. 1 is a schematic block diagram of an example
of an indexing apparatus;
Fig. 2 is a schematic, perspective view of an example
of a manufacturing system using the indexing appa-
ratus;
Fig. 3 is a schematic, perspective view of an example
of an interfacing device, an indexing feature,
and a fixture tool of the indexing apparatus;
Fig. 4 is a schematic, top plan view of an example
of the indexing apparatus;
Fig. 5 is a schematic, top plan view of an example
of the indexing apparatus;
Fig. 6 is a schematic, top plan view of an example
of the indexing apparatus;

Fig. 7 is a schematic block diagram of an example
of a processing operation used to determine a loca-
tion of a fixture tool of the indexing apparatus;
Fig. 8A is a schematic, perspective view of an ex-
ample of a gripper of the interfacing device of the
indexing apparatus;
Fig. 8B is a schematic, perspective view of an ex-
ample of the indexing feature of the indexing appa-
ratus;
Fig. 9A is a schematic, perspective view of an ex-
ample of the gripper of the interfacing device of the
indexing apparatus;
Fig. 9B is a schematic, perspective view of an ex-
ample of the indexing feature of the indexing appa-
ratus;
Fig. 10 is a schematic, perspective plan view of an
example of the manufacturing system;
Fig. 11 is a schematic, perspective view of an exam-
ple of the manufacturing system using the indexing
apparatus;
Fig. 12 is a schematic, top plan view of an example
of the indexing apparatus;
Fig. 13 is a schematic, perspective view of an exam-
ple of the interfacing device, the indexing feature,
and the fixture tool of the indexing apparatus;
Fig. 14 is a schematic, top plan view of an example
of the indexing apparatus;
Fig. 15 is a schematic, top plan view of an example
of the indexing apparatus;
Fig. 16 is a schematic block diagram of an example
of the processing operation used to determine the
location of the fixture tool of the indexing apparatus;
Fig. 17 is a schematic, perspective view of an exam-
ple of the indexing feature and the fixture tool of the
indexing apparatus;
Fig. 18 is a schematic, perspective view of an exam-
ple of the indexing feature and the fixture tool of the
indexing apparatus;
Fig. 19 is a schematic, perspective view of an exam-
ple of the indexing feature and the fixture tool of the
indexing apparatus;
Fig. 20 is a schematic, perspective plan view of an
example of the manufacturing system;
Fig. 21 is a schematic, perspective view of an exam-
ple of the manufacturing system using the indexing
apparatus;
Fig. 22 is a schematic, top plan view of an example
of the indexing apparatus;
Fig. 23 is a schematic, perspective view of an exam-
ple of the interfacing device, the indexing feature,
and the fixture tool of the indexing apparatus;
Fig. 24 is a schematic block diagram of an example
of the processing operation used to determine the
location of the fixture tool of the indexing apparatus;
Fig. 25 is a schematic, elevational view of an exam-
ple of the indexing feature and the fixture tool of the
indexing apparatus;
Fig. 26 is a schematic, elevational view of an exam-
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ple of the indexing feature and the fixture tool of the
indexing apparatus;
Fig. 27 is a schematic, elevational view, in partial
section, of an example of a probe of the interfacing
device, the indexing feature, and the fixture tool of
the indexing apparatus;
Fig. 28 is a schematic, perspective plan view of an
example of the manufacturing system;
Fig. 29 is a flow diagram of an example of a method
of manufacturing;
Fig. 30 is a flow diagram of an example of a method
of manufacturing;
Fig. 31 is a flow diagram of an example of a method
of manufacturing;
Fig. 32 is a schematic block diagram of an example
of a controller of the indexing apparatus;
Fig. 33 is a flow diagram of an aircraft manufacturing
and service methodology; and
Fig. 34 is a block diagram of an aircraft.

DETAILED DESCRIPTION

[0013] The following detailed description refers to the
accompanying drawings, which illustrate specific exam-
ples described by the present disclosure. Other exam-
ples having different structures and operations do not
depart from the scope of the present disclosure. Like ref-
erence numerals may refer to the same feature, element,
or component in the different drawings.
[0014] Illustrative, non-exhaustive examples, which
may be, but are not necessarily, claimed, of the subject
matter according the present disclosure are provided be-
low. Reference herein to "example" means that one or
more feature, structure, element, component, character-
istic, and/or operational step described in connection with
the example is included in at least one embodiment
and/or implementation of the subject matter according to
the present disclosure. Thus, the phrases "an example,"
"another example," "an example," and similar language
throughout the present disclosure may, but do not nec-
essarily, refer to the same example. Further, the subject
matter characterizing any one example may, but does
not necessarily, include the subject matter characterizing
any other example. Moreover, the subject matter char-
acterizing any one example may be, but is not necessar-
ily, combined with the subject matter characterizing any
other example. Referring generally to Figs. 1-33, by way
of examples, the present disclosure describes an index-
ing apparatus 100 used to locate and index a workpiece
170 during a manufacturing operation, a manufacturing
system 168 that utilizes the indexing apparatus 100, and
methods 1000, 2000, 3000 of manufacturing that utilize
the indexing apparatus 100 to locate and index the work-
piece 170.
[0015] Fig. 1 schematically illustrates an example of
the indexing apparatus 100. Generally, the indexing ap-
paratus 100 provides a means for accurately and repeat-
ably determining a location of the workpiece 170 relative

to a reference frame 216 defined by a fixed coordinate
system 112. Fig. 1 also schematically illustrates an ex-
ample of the manufacturing system 168 that includes the
indexing apparatus 100. The manufacturing system 168
includes, or forms at least a portion of, an operation cell
106. An automated machine 128 is located within the
operation cell 106 and is configured to perform at least
one manufacturing operation on the workpiece 170. The
operation cell 106 is defined, or is described, by the fixed
coordinate system 112 and includes a work envelope
140. The work envelope 140 forms a three-dimensional
volume within the operation cell 106, described by the
fixed coordinate system 112, in which the automated ma-
chine 128 operates. Referring to Fig. 1, the indexing ap-
paratus 100 includes a fixture tool 102. The fixture tool
102 is configured to securely hold the workpiece 170.
The fixture tool 102 includes various suitable holding-
features 260 that enable the workpiece 170 to be secured
on or to otherwise be held to the fixture tool 102. The
fixture tool 102 is movable relative to the operation cell
106, for example, relative to the automated machine 128
located within the operation cell 106. For example, the
fixture tool 102, along with the workpiece 170 that is se-
cured to the fixture tool 102, is moved to a work location
258 within the work envelope 140 of the operation cell
106.
[0016] As used herein, the term "work location 258"
generally refers to a spatial situation of the fixture tool
102 and, thus, the workpiece 170, when the fixture tool
102 is moved within the operation cell 106 for perform-
ance of at least one manufacturing operation on the work-
piece 170 by the automated machine 128. The present
disclosure recognizes and takes into account that when
the fixture tool 102 is moved within the operation cell 106,
the work location 258 may not be precisely known. Ac-
cordingly, the indexing apparatus 100 is configured to
determine a location of the fixture tool 102 (also referred
to herein as a fixture-tool location 118) and, thus, a loca-
tion of the workpiece 170 (also referred to herein as a
workpiece location 262) relative to the reference frame
216, when the fixture tool 102 is at the work location 258.
[0017] The indexing apparatus 100 includes an index-
ing feature 104. The indexing feature 104 is fixed relative
to the fixture tool 102. In other words, a location of the
indexing feature 104 relative to the fixture tool 102 is con-
stant regardless of the location (or change in location) of
the fixture tool 102 relative to the reference frame 216.
In an example, the indexing feature 104 is coupled to the
fixture tool 102. In another example, the indexing feature
104 is located on the fixture tool 102. In yet another ex-
ample, the indexing feature 104 forms a part of (e.g., is
integral to) the fixture tool 102.
[0018] Throughout the present disclosure, the term "lo-
cation" refers to the linear situation of an object along
one or more orthogonal axes in three-dimensional space,
such as along the fixed coordinate system 112. Addition-
ally, in some instances, the term "location" also refers to
the angular situation (e.g., orientation) of the object about
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one or more orthogonal axes in three-dimensional space,
such as about the fixed coordinate system 112. Gener-
ally, the "location" of an object refers to an X-location of
at least a portion of one or more external surfaces of the
object (e.g., the X-coordinates of a plurality of points rep-
resenting at least a portion of the external surface), a Y-
location of at least a portion of one or more external sur-
faces of the object (e.g., the Y-coordinates of the plurality
of points representing at least a portion of the external
surface), and a Z-location of at least a portion of one or
more external surfaces of the object (e.g., the Z-coordi-
nates of the plurality of points representing at least a por-
tion of the external surface).
[0019] Referring still to Fig. 1, the indexing apparatus
100 includes an interfacing device 220. The interfacing
device 220 is configured to interface with the indexing
feature 104 and to locate the indexing feature 104 relative
to the reference frame 216, such as within the operation
cell 106. The interfacing device 220 is configured to gen-
erate interface data 222 that is representative of a loca-
tion of the indexing feature 104 (also referred to herein
as an indexing-feature location 116) relative to the refer-
ence frame 216. As will be described in greater detail
herein, the interfacing device 220 may interface with and
locate the indexing feature 104 using at least one of a
gripper 108, a sensor 184, and a plurality of probes 202.
[0020] The indexing apparatus 100 also includes a
controller 110. The controller 110 is in communication
(e.g., electrical and/or data communication) with the in-
terfacing device 220. The controller 110 is configured to
process the interface data 222, generated by the inter-
facing device 220, and to determine the indexing-feature
location 116, based on the interface data 222. The con-
troller 110 is also configured to determine an immediate
(e.g., a real-time, actual) location of the fixture tool 102
and, thus, the workpiece 170 relative to the reference
frame 216, based on the indexing-feature location 116.
The automated machine 128 is indexed relative to the
fixture tool 102, based on the determined location of the
fixture tool 102 (the fixture-tool location 118).
[0021] In the disclosed examples, a geometry of the
workpiece 170, a geometry of the fixture tool 102, and a
geometry of the indexing feature 104 are known. As used
herein, the "geometry" of an object refers to the size,
shape, and form of the object as well as any surface
contours of the object. The geometry of the object may
include an interior geometry of the object and/or an ex-
terior geometry of the object. For example, the geometry
of the workpiece 170 describes the size, shape, and form
of the workpiece 170 as well as any surface contours of
the workpiece 170.
[0022] Additionally, the workpiece 170 is fixed to or is
otherwise secured to the fixture tool 102 at a known lo-
cation relative to the fixture tool 102. In other words, a
location of the workpiece 170 (the workpiece location
262) relative to the fixture tool 102 is known and remains
constant regardless of the location (or change in location)
of the fixture tool 102 relative to the reference frame 216,

such as when the fixture tool 102 moves into or out of
the operation cell 106. Similarly, the location of the work-
piece 170 is also fixed and remains constant relative to
the indexing feature 104.
[0023] Therefore, the indexing-feature location 116
can be used to determine the fixture-tool location 118. In
turn, the fixture-tool location 118 can be used to assume
the workpiece location 262 within tolerance. In other
words, the fixture-tool location 118 represents the imme-
diate location of the fixture tool 102 and the workpiece
170 relative to the reference frame 216. As such, through-
out the present disclosure, unless otherwise specified,
the term "fixture-tool location 118" is representative of
and incorporates the location of the workpiece 170 (the
workpiece location 262).
[0024] In an example, prior to initiation of a locating
and indexing operation, the controller 110 is configured
to identify the fixture tool 102, the indexing feature 104,
and the workpiece 170 upon which the manufacturing
operation is to be performed. In an example, a type of
fixture tool, a type of indexing feature, and/or a type of
workpiece may be loaded into the program before exe-
cution of locating and indexing instructions. In another
example, the program may actively identify and select
the type of fixture tool, the type of indexing feature, and/or
the type of workpiece from a database of options based
on one or more predetermined selection criteria.
[0025] The geometry of the fixture tool 102, the geom-
etry of the indexing feature 104, and the geometry of the
workpiece 170 are therefore known based on the type of
fixture tool 102, the type of indexing feature 104, and/or
the type of workpiece 170 identified by the controller 110.
For example, the program loads a digital model 120 rep-
resenting the fixture tool 102, the indexing feature 104,
and the workpiece 170. The geometry of the fixture tool
102 (also referred to herein as fixture-tool geometry 264),
the geometry of the indexing feature 104 (also referred
to herein as indexing-feature geometry 266), and the ge-
ometry of the workpiece 170 (also referred to herein as
workpiece geometry 268) are represented by or are ex-
tracted from the digital model 120 (Fig. 1). In an example,
the digital model 120 includes digital representations of
the fixture tool 102, the indexing feature 104, and the
workpiece 170. In another example, the digital model 120
includes a digital representation of a combination of the
fixture tool 102 with the indexing feature 104 and the
workpiece 170 secured to the fixture tool 102. Thus, the
digital model 120 represents the location of the indexing
feature 104 and/or the workpiece 170 relative to the fix-
ture tool 102.
[0026] Referring still to Fig.1, during the locating and
indexing operation, the controller 110 is configured to
match the indexing-feature geometry 266 to the indexing-
feature location 116 represented by the interface data
222. For example, the controller 110 registers the geo-
metric representation of the indexing feature 104 of the
digital model 120 to the indexing-feature location 116.
The controller 110 then determines a location of the dig-
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ital model 120 relative to the reference frame 216 (re-
ferred to herein as a model location 126), thereby locating
the digital model 120 in the reference frame 216. Regis-
tration of the digital model 120 with the indexing-feature
location 116 may be performed using any one of a variety
of data computing techniques that best aligns a set of
data points (e.g., representing the digital model 120) with
a set of reference data points (e.g., representing the in-
dexing-feature location 116), such as point cloud trans-
formation. The controller 110 then determines the loca-
tion of the fixture tool 102 and the location of the work-
piece 170 (the fixture-tool location 118) relative to the
reference frame 216 based on the model location 126.
For example, the fixture-tool location 118 is assumed to
be the model location 126 within tolerance. The automat-
ed machine 128 is then indexed relative to the fixture tool
102, based on the fixture-tool location 118 relative to the
reference frame 216. The automated machine 128 op-
erates along a well-defined, programmed (e.g., numeri-
cally controlled) cycle of motions, or tool path, relative to
the reference frame 216 in at least one dimension of the
fixed coordinate system 112.
[0027] In an example, the automated machine 128 in-
cludes a robotic arm 226, having multiple degrees of free-
dom, and an end effector 228 that is coupled to a working
end of the robotic arm 226. The end effector 228 includes,
or takes the form of, at least one work tool that is config-
ured to perform at least one manufacturing operation on
the workpiece 170. The robotic arm 226 is configured to
move the end effector 228 along a predetermined tool-
path under computer control relative to the fixture tool
102 and the workpiece 170, based on the fixture-tool lo-
cation 118.
[0028] Generally, the locating and indexing operations
described herein can be performed in conjunction with,
or as an initial step in association with any, one of various
types of additive or subtractive manufacturing opera-
tions. As such, the automated machine 128 may perform
any one of various types of manufacturing operations on
the workpiece 170, including, but not limited to, a drilling
operation, a milling operation, a fastening operation, pre-
cure and/or post-cure composite assembly operations
(e.g., a material layup operation, a laminating operation,
etc.) and the like. Generally, the end effector 228 includes
a suitable tool that is configured to perform the associated
manufacturing operation.
[0029] Because the geometry of the workpiece 170 is
known and because the location of the workpiece 170 is
known, or is assumed within tolerance, relative to the
fixture tool 102, indexing the automated machine 128
relative to the fixture tool 102, based on the fixture-tool
location 118, consequently indexes the automated ma-
chine 128 relative to the workpiece 170. Once the auto-
mated machine 128 is indexed relative to the fixture-tool
location 118, the automated machine 128 operates along
the programmed tool path to perform at least one man-
ufacturing operation on the workpiece 170 in a known
manner. The geometry of the workpiece 170 and the

known location of the workpiece 170 relative to the fixture
tool 102 are incorporated in and are accounted for by the
programmed tool path of the automated machine 128.
[0030] The present disclosure recognizes and takes
into account that the geometry of the workpiece 170 may
change as a result of the manufacturing (e.g., assembly
or machining) operation performed on the workpiece 170.
However, the location of the workpiece 170 relative to
the fixture tool 102 and the indexing feature 104 does
not change due to actions outside of the manufacturing
operations. Therefore, any flexing, shifting, or the like of
the workpiece 170 are within tolerance during the man-
ufacturing operation and do not have an out of tolerance
effect on the location of the workpiece 170. In other
words, at each stop along a complete manufacturing
process, the only change to the workpiece 170 is in ge-
ometry due to the various manufacturing operations.
Changes in the geometry of the workpiece 170 resulting
from any of the manufacturing operations are also known,
or are assumed within tolerance, based on theoretical
addition or subtraction from a previous manufacturing
operation. For example, the workpiece geometry 268
(e.g., represented by the digital model 120) is updated
based on the additive or subtractive manufacturing op-
eration performed on the workpiece 170.
[0031] When the fixture tool 102 and the workpiece
170 are moved to a subsequent work location 258, such
as to a second operation cell 172 for performance of a
subsequent manufacturing operation on the workpiece
170 by a second automated machine 174 (Figs. 10, 20,
and 28), the indexing feature 104 is located, the fixture-
tool location 118 is determined, and the second automat-
ed machine 174 is indexed relative to the fixture-tool lo-
cation 118 as described herein. The known (e.g.,
changed) geometry of the workpiece 170 and the known
location of the workpiece 170 relative to the fixture tool
102 are incorporated in and are accounted for by the
programmed tool path of the second automated machine
174. Therefore, such changes to the workpiece geometry
268 are taken into account in subsequent locating and
indexing operations, which in turn, enables repeatable
indexing based on the location of the fixture tool 102.
[0032] Accordingly, the examples of the indexing ap-
paratus 100, the manufacturing system 168, and the
methods 1000, 2000, 3000 disclosed herein enable the
workpiece 170 to be quickly and accurately located, with-
out the need for an expensive and time-consuming set
up operation or locating operation. The automated ma-
chine 128 can, in turn, be quickly and precisely indexed
relative to the fixture tool 102 and, thus, the workpiece
170, based on the determined location of the fixture tool
102.
[0033] Figs. 1-29, schematically illustrate various ex-
ample implementations of the interfacing device 220 and
the indexing feature 104 of the disclosed indexing appa-
ratus 100. As illustrated in Figs. 1-10, in an example, the
interfacing device 220 includes at least one gripper 108
that provides a contact interface with the indexing feature
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104. As illustrated in Figs. 11-21, in an example, the in-
terfacing device 220 includes at least one sensor 184
that provides a noncontact interface with the indexing
feature 104. As illustrated in Figs. 22-29, in an example,
the interfacing device 220 includes a plurality of probes
202 that provides a contact interface with the indexing
feature 104.
[0034] Referring generally to Fig. 1 and particularly to
Figs. 2-4, in an example, the indexing apparatus 100 in-
cludes the fixture tool 102. The fixture tool 102 is movable
relative to the operation cell 106. The indexing apparatus
100 also includes the indexing feature 104. The indexing
feature 104 is fixed relative to the fixture tool 102. For
example, the indexing feature 104 is coupled to the fixture
tool 102. In an example, the indexing feature 104 extends
from the fixture tool 102.
[0035] In the examples illustrated in Figs. 2-5, the in-
dexing feature 104 is coupled to and extends from a front
end of the fixture tool 102. In other examples, the indexing
feature 104 is coupled to, or is located on, another portion
(e.g., a side, a rear, a bottom, etc.) of the fixture tool 102.
[0036] In an example, the indexing apparatus 100 in-
cludes the gripper 108. The gripper 108 is movable rel-
ative to the operation cell 106 and the fixture tool 102.
The gripper 108 is configured to engage (e.g., to make
physical contact with) the indexing feature 104. The in-
dexing feature 104 is appropriately located relative to the
fixture tool 102 so that at least a portion of the indexing
feature 104 is physically accessible by the gripper 108.
Conversely, the gripper 108 is appropriately located rel-
ative to the fixture tool 102 so that at least a portion of
the gripper 108 is physically accessible by the indexing
feature 104. With the gripper 108 engaged to the indexing
feature 104, a location of the gripper 108 (also referred
to herein as a gripper location 114) (Fig. 1) is represent-
ative of, or corresponds to, the indexing-feature location
116 (Fig. 1). In other words, the gripper 108 locates the
indexing feature 104 in the reference frame 216.
[0037] Referring to Figs. 2-6, in an example, the gripper
108 includes an articulation mechanism 230 and a grip
head 232 that is coupled to a working end of the articu-
lation mechanism 230. The articulation mechanism 230
has multiple degrees of freedom and is configured to
move the grip head 232 in three-dimensional space, such
as linearly along at least one axis of the fixed coordinate
system 112 and/or rotationally about at least one axis of
the fixed coordinate system 112.
[0038] The grip head 232 is configured to engage the
indexing feature 104. For example, the grip head 232 is
configured to grasp or otherwise firmly hold at least a
portion of the indexing feature 104. With the grip head
232 engaged to the indexing feature 104, the gripper lo-
cation 114 is a location of the grip head 232 and is rep-
resentative of, or corresponds to, the indexing-feature
location 116. The articulation mechanism 230 includes
at least one suitable drive motor (not shown) to drive
motion of the articulation mechanism 230, such as an
electromechanical motor, a pneumatic motor, a hydraulic

motor, and the like. The articulation mechanism 230 is
also configured to provide location data (e.g., the inter-
face data 222) that represents the gripper location 114,
for example, relative to the reference frame 216 in at least
one dimension of the fixed coordinate system 112. For
example, the articulation mechanism 230 also includes
at least one encoder (not shown) and/or at least one sen-
sor (not shown) that converts motion of the articulation
mechanism 230 into an electrical signal that represents
the gripper location 114. The articulation mechanism 230
also includes other suitable electronic, mechanical,
pneumatic, and hydraulic components (not shown). The
articulation mechanism 230 operates under computer
control, such as by the controller 110. Referring to Figs.
2 and 4, in an example, the articulation mechanism 230
is coupled to, or forms a portion of, the automated ma-
chine 128. In Fig. 4, the robotic arm 226 and the end
effector 228 (Fig. 2) of the automated machine 128 (e.g.,
for performing the at least one manufacturing operation)
are removed for clarity of illustration. In this example, the
automated machine 128 is configured to move the grip-
per 108 relative to the operation cell 106 and the fixture
tool 102 in at least one dimension of the fixed coordinate
system 112. In other words, at least a portion of the range
of motion, or one or more degrees of freedom, of the
articulation mechanism 230 is provided by the automated
machine 128.
[0039] Referring to Fig. 5, in an example, the articula-
tion mechanism 230 is separate from and is independent
of the automated machine 128. In this example, a full
range of motion, or every degree of freedom, of the grip-
per 108 is provided by (e.g., is inherent to) the articulation
mechanism 230.
[0040] Referring to Fig. 6, in another example of the
indexing apparatus 100, the interfacing device 220 (Fig.
1) includes more than one gripper 108 (referred to herein
as a plurality of grippers 108). In this example, the index-
ing apparatus 100 includes more than one indexing fea-
ture 104 (referred to herein as a plurality of indexing fea-
tures 104). Each one of the indexing features 104 is fixed
relative to the fixture tool 102. Each one of the grippers
108 is configured to engage and to locate a correspond-
ing one of the indexing features 104.
[0041] Referring to Figs. 1-6, the indexing apparatus
100 also includes the controller 110. The controller 110
is in communication with the gripper 108. The controller
110 is configured to locate the fixture tool 102 relative to
the operation cell 106 (e.g., relative to the reference
frame 216) from the gripper location 114 of the gripper
108, with the gripper 108 engaged to the indexing feature
104. In an example, the controller 110 is configured to
determine the gripper location 114 of the gripper 108, for
example, relative to the reference frame 216 in at least
one dimension of the fixed coordinate system 112. The
controller 110 is also configured to determine the index-
ing-feature location 116 of the indexing feature 104, for
example, relative to the reference frame 216 in the at
least one dimension of the fixed coordinate system 112,
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from the gripper location 114 of the gripper 108. The con-
troller 110 is further configured to determine the fixture-
tool location 118 of the fixture tool 102, for example, rel-
ative to the reference frame 216 in the at least one di-
mension of the fixed coordinate system 112, from the
indexing-feature location 116 of the indexing feature 104.
[0042] In an example, the controller 110 is configured
to register the digital model 120 (Fig. 1), representing the
fixture tool 102 and the indexing feature 104, to the in-
dexing-feature location 116 of the indexing feature 104.
The controller 110 is also configured to convert the model
location 126 of the digital model 120, registered to the
indexing-feature location 116, to the fixture-tool location
118 of the fixture tool 102.
[0043] Fig. 7 schematically illustrates an example of
inputs 234 provided to the controller 110 and outputs 236
generated by the controller 110 during the locating and
indexing operation. In an example, gripper-location data
238 is provided to the controller 110 by the gripper 108.
The gripper-location data 238 is an example of the inter-
face data 222 (Fig. 1). In an example, the gripper-location
data 238 is generated by encoders, sensors, other rela-
tive positioning devices, or a combination thereof and is
representative of the actual, physical location of the grip-
per 108 (the gripper location 114) (Fig. 3), relative to the
reference frame 216. The controller 110 processes the
gripper-location data 238 and determines the gripper lo-
cation 114 based on the gripper-location data 238. The
controller 110 then processes the gripper location 114
and determines the indexing-feature location 116 based
on the gripper location 114.
[0044] Referring to Figs. 2-6, in an example, with the
gripper 108 (e.g., the grip head 232) engaged to the in-
dexing feature 104, there is at least one point of contact
between the gripper 108 and the indexing feature 104.
This point of contact has an XYZ-coordinate that is com-
mon to both the gripper 108 and the indexing feature 104.
The gripper-location data 238 (Fig. 16) represents an
XYZ-coordinate of the point of contact of the gripper 108
and the gripper location 114 is described by the XYZ-
coordinate of the point of contact of the gripper 108. The
controller 110 converts the XYZ-coordinate of the point
of contact of the gripper 108 to an XYZ-coordinate of a
corresponding point of contact of the indexing feature
104. The controller 110 then determines the indexing-
feature location 116 as described by the XYZ-coordinate
of point of contact of the indexing feature 104.
[0045] In an example, the gripper 108 (e.g., the grip
head 232) and the indexing feature 104 include a plurality
of points of contact. Thus, the gripper location 114 is de-
scribed by the XYZ-coordinates of the plurality of points
of contact of the gripper 108 and the indexing-feature
location 116 is described by the XYZ-coordinates of the
corresponding plurality of points of contact of the indexing
feature 104.
[0046] It should be noted that increasing the number
of points of contact between the gripper 108 and the in-
dexing feature 104 provides a greater number of XYZ-

coordinate data points for processing, which, in turn, in-
creases the accuracy of the indexing-feature location 116
and the fixture-tool location 118 during data point align-
ment of the indexing operation. In an example, the gripper
108 (e.g., the grip head 232) and the indexing feature
104 include at least three points of contact. Referring
briefly to Figs. 8A, 8B, 9A, and 9B, in an example, the
gripper 108 (e.g., the grip head 232) includes at least one
contact-index 148 (Figs. 8A and 9A) and the indexing
feature 104 includes at least one interface-index 146
(Figs. 8B and 9B). With the gripper 108 (e.g., the grip
head 232) engaged to the indexing feature 104, the con-
tact-index 148 engages the interface-index 146 so that
there is at least one point of contact between the contact-
index 148 and the interface-index 146. This point of con-
tact has an XYZ-coordinate that is common to both the
contact-index 148 and the interface-index 146. The grip-
per-location data 238 represents an XYZ-coordinate of
the point of contact of the contact-index 148 and the grip-
per location 114 is described by the XYZ-coordinate of
the point of contact of the contact-index 148.
[0047] The controller 110 converts the XYZ-coordinate
of the point of contact of the contact-index 148 to an XYZ-
coordinate of a corresponding point of contact of the in-
terface-index 146. The controller 110 determines the in-
dexing-feature location 116 as described by the XYZ-
coordinate of point of contact of the interface-index 146.
[0048] Generally, the gripper 108 (e.g., the grip head
232) includes a plurality of contact-indexes 148 and the
indexing feature 104 includes a plurality of interface-in-
dexes 146, which, in turn, provides a plurality of points
of contact. Accordingly, the gripper-location data 238
(Fig. 7) represents the XYZ-coordinates of the plurality
of points of contact of the contact-indexes 148 of the grip-
per 108. The gripper location 114 is described by the
XYZ-coordinates of the points of contact of the contact-
indexes 148 of the gripper 108. The indexing-feature lo-
cation 116 is described by the XYZ-coordinates of the
corresponding plurality of points of contact of the inter-
face-indexes 146. In an example, the gripper 108 (e.g.,
the grip head 232) includes at least three contact-indexes
148 and the indexing feature 104 include at least three
interface-indexes 146, which result in at least three points
of contact. In other examples, the gripper 108 (e.g., the
grip head 232) may include a lesser number or a greater
number of contact-indexes 148 and the indexing feature
104 may include a lesser number or a greater number of
interface-indexes 146.
[0049] It should be noted that increasing the number
of contact-indexes 148 and interface-indexes 146 in-
creases the number of points of contact between the grip-
per 108 and the indexing feature 104, which in turn pro-
vides a greater number of XYZ-coordinate data points
for processing, which, in turn, increases the accuracy of
the indexing-feature location 116 and the fixture-tool lo-
cation 118 during data point alignment of the indexing
operation.
[0050] Referring again to Fig. 7, the controller 110 is
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configured to register the digital model 120, representing
the fixture tool 102 and the indexing feature 104, to the
indexing-feature location 116 and determines the model
location 126. In an example, the controller 110 is config-
ured to overlay and align the digital model 120 with the
XYZ-coordinates describing the indexing-feature loca-
tion 116 within the reference frame 216. The digital model
120 includes data points representing the points of con-
tact of the indexing feature 104. For example, the digital
model 120 includes data points that represent the inter-
face-indexes 146 of the indexing feature 104. In an ex-
ample, the controller 110 performs a best fit operation
(e.g., executes a best fit algorithm) to align data points
representing the points of contact of the indexing feature
104, such as the data points representing the interface-
indexes 146, with data points representing the XYZ-co-
ordinates describing the indexing-feature location 116.
In an example, the best fit operation includes a rigid body,
point cloud transformation operation.
[0051] With the digital model 120 registered and
aligned with the indexing-feature location 116, the con-
troller 110 is configured to convert the model location 126
to the fixture-tool location 118 of the fixture tool 102, for
example, relative to the reference frame 216. For exam-
ple, the fixture-tool location 118 is assumed to be the
same as the model location 126 within tolerance. Thus,
the fixture-tool location 118 represents the immediate
(e.g., current, real-time) location of the fixture tool 102
and, thus, the workpiece 170 relative to the operation cell
106 and the automated machine 128.
[0052] With the fixture-tool location 118 known, the au-
tomated machine 128 is indexed, or is "zeroed", relative
to the fixture-tool location 118 and follows the predeter-
mined tool path to perform the manufacturing operation
on the workpiece 170. Indexing the automated machine
128 relative to the fixture tool 102, based on the fixture-
tool location 118, consequently indexes the automated
machine 128 relative to the workpiece 170. The geometry
of the workpiece 170 and the known location of the work-
piece 170 relative to the fixture tool 102 are incorporated
in and are accounted for by the programmed tool path of
the automated machine 128.
[0053] Referring to Figs. 1 and 2, in an example, the
indexing apparatus 100 includes the automated machine
128. The automated machine 128 is located in the oper-
ation cell 106 and is in communication with the controller
110. The controller 110 is configured to index the auto-
mated machine 128 relative to the fixture-tool location
118 of the fixture tool 102.
[0054] Referring to Figs. 2 and 4-6, in an example, the
automated machine 128 includes a gantry 134. The gan-
try 134 is configured to provide at least a portion of the
range of motion of, or one or more degrees of freedom
to, the automated machine 128. In an example, the ro-
botic arm 226 is coupled to the gantry 134. In an example,
the gantry 134 is an overhead gantry that is movable
within the operation cell 106 to move the robotic arm 226
in at least one dimension of the fixed coordinate system

112. In this example, the fixture tool 102 and, thus, the
workpiece 170 are moved to the work location 258 within
the operation cell 106 and the gantry 134 and/or the ro-
botic arm 226 moves relative to the fixture tool 102 so
that the end effector 228 follows along the predetermined
tool path.
[0055] In another example (not shown), the robotic arm
226 is a stand-alone robot that has a fixed base within
the operation cell 106. In this example, the fixture tool
102 and, thus, the workpiece 170 are moved to the work
location 258 within the operation cell 106 and the robotic
arm 226 moves relative to the fixture tool 102 so that the
end effector 228 follows along the predetermined tool
path.
[0056] While the illustrated examples of the indexing
apparatus 100 show only one automated machine 128
(e.g., one robotic arm 226 with one end effector 228) for
performing the manufacturing operation on the work-
piece 170 in the operation cell 106, in other examples,
the indexing apparatus 100 may have any number of
additional automated machines 128 (e.g., additional ro-
botic arms 226 and/or additional end effectors 228).
[0057] Referring to Figs. 1 and 2, in an example, the
manufacturing operation includes a pre-cure composite
assembly operation or other additive manufacturing op-
eration performed on a pre-cure composite material,
such as a composite layup operation and/or a composite
lamination operation. In this example, the workpiece 170
includes a pre-cure composite laminate (e.g., layup of a
pre-impregnated composite material). The fixture tool
102 includes, or takes the form of, a mandrel 130. The
mandrel 130 is configured to support the composite lam-
inate (the workpiece 170). The automated machine 128
is configured to perform a pre-cure manufacturing oper-
ation on the composite laminate (the workpiece 170). For
example, the automated machine 128 includes, or takes
the form of, an automated fiber placement machine 132
(Fig. 1).
[0058] In one or more other examples, the manufac-
turing operation includes other additive manufacturing
operation, such as an assembly operation, or subtractive
manufacturing operation, such as a machining operation.
In such examples, the workpiece 170 is one of a post-
cure composite structure, a metallic structure, a plastic
structure, or other non-composite structure. The fixture
tool 102 includes at least one holding-feature 260 (Fig.
1) that is configured to secure the workpiece 170 to the
fixture tool 102, during movement to the operation cell
106 and during the manufacturing operation. The auto-
mated machine 128 is configured to perform at least one
of an additive manufacturing operation and a subtractive
manufacturing operation on the workpiece 170. In an ex-
ample, the automated machine 128 is configured to per-
form a post-cure manufacturing operation on the post-
cure composite structure. For example, the automated
machine 128 includes, or takes the form of, any appro-
priate machine tool 270 (Fig. 1).
[0059] In one or more examples, any one of the various
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manufacturing operations described herein is part of a
continuous flow manufacturing process. For example,
the fixture tool 102 and the workpiece 170 are pulsed to
one of a plurality of operation cells forming a continuous
flow manufacturing system. At any given one of the plu-
rality of operation cells, the manufacturing operation
forms a portion of the continuous flow manufacturing
process. In an example, the manufacturing operation in-
cludes placing one or more plies of a pre-cure composite
material to partially form the composite laminate. In an
example, the manufacturing operation includes assem-
bly or installation of a secondary structure to the post-
cure composite structure or the non-composite structure.
In an example, the manufacturing operation includes ma-
chining one or more features in the post-cure composite
structure or the non-composite structure.
[0060] In an example, the fixture tool 102 is moved into
the work location 258 and the immediate location of the
fixture tool 102 and the workpiece 170 (e.g., the fixture-
tool location 118) is determined using the gripper 108
and the indexing feature 104, as described above. Based
on the fixture-tool location 118 (e.g., the location of the
fixture tool 102 and the location of the workpiece 170
relative to the fixture tool 102), the automated fiber place-
ment machine 132 lays down and/or consolidates at least
a portion of at least one layer of a stack of composite
sheets.
[0061] Referring to Figs. 2 and 4-6, in an example, the
indexing apparatus 100 includes a drive assembly 138
that is coupled to the gripper 108. The drive assembly
138 is configured to move the gripper 108 relative to the
reference frame 216, such as in at least one dimension
of the fixed coordinate system 112. In an example, the
drive assembly 138 is coupled to, or forms a portion of,
the articulation mechanism 230 of the gripper 108, such
as in examples where the gripper 108 is separate from
the automated machine 128, as illustrated in Figs. 5 and
6. In another example, the drive assembly 138 is couple
to, or is formed by, the automated machine 128, such as
in examples where the gripper 108 is coupled to the au-
tomated machine 128, as illustrated in Figs. 2 and 4. Re-
ferring to Fig. 1, in an example, the gripper 108 is con-
figured to move the fixture tool 102 inside of the work
envelope 140 of the operation cell 106. In an example,
the fixture tool 102 and the workpiece 170 are moved to
an initial, pre-work location, for example, a location that
is proximate to (e.g., at or near) the work location 258
(e.g., outside of the operation cell 106). The gripper 108,
operating under computer control, moves into engage-
ment with the indexing feature 104. While engaged to
the indexing feature 104, the gripper 108 moves the fix-
ture tool 102 and the workpiece 170 to the work location
258 (e.g., inside the operation cell 106). In this manner,
the fixture tool 102 and the workpiece 170 are moved to
the work location 258 while the fixture-tool location 118
is being determined, as described above. This combined
operation further improves the cycle time of the manu-
facturing operation by enabling the moving operation of

the fixture tool 102 and the workpiece 170 and the locat-
ing operation of the fixture tool 102 and the workpiece
170 to be performed substantially concurrently.
[0062] In another example, the indexing apparatus 100
includes an independent moving mechanism (not shown)
that is separate from the gripper 108 and that is config-
ured to move the fixture tool 102 to the work location 258.
In this example, the fixture tool 102 and the workpiece
170 are moved to the pre-work location and the inde-
pendent moving mechanism, operating under computer
control, moves the fixture tool 102 and the workpiece 170
to the work location 258.
[0063] Figs. 8A, 8B, 9A and 9B schematically illustrate
examples of the gripper 108 and the indexing feature
104. In an example, the gripper 108 (e.g., the grip head
232) includes a jaw assembly 144 (Figs. 8A and 9A). The
jaw assembly 144 is configured to grip, grasp, clamp, or
otherwise securely hold at least a portion of the indexing
feature 104 (Figs. 8B and 9B). In an example, the index-
ing feature 104 includes a plate 150 that is coupled to
and extends from the fixture tool 102 (not shown in
Fig.8B). The contact-index 148 (Figs. 8A and 9A) and
the interface-index 146 (Figs. 8B and 9B) are configured
to contact and mate with each other when the gripper
108 (e.g., the jaw assembly 144) properly engages the
indexing feature 104 (e.g., the plate 150).
[0064] Referring to Figs. 8A and 8B, in an example,
the jaw assembly 144 is includes a first jaw and a second
jaw. The first jaw and the second jaw are movable relative
to each another to selectively engage (e.g., grip) the plate
150. In an example, the jaw assembly 144 includes a first
(e.g., upper) jaw that is stationary and a second (e.g.,
lower) jaw that is movable relative to the first jaw. In an
example, each jaw of the jaw assembly 144 has an ap-
proximately planar engaging surface that is configured
to make secure contact with a corresponding one of op-
posing planar engaging surfaces of the plate 150. Other
configurations of the jaw assembly 144 and the plate 150
are also contemplated.
[0065] In an example, the contact-index 148 (Fig. 8A)
is coupled to, or is disposed on, the jaw assembly 144
and the interface-index 146 (Fig. 8B) is coupled to, or is
disposed on, the plate 150. The contact-index 148 is suit-
ably located and is configured to engage the interface-
index 146 when the jaw assembly 144 grips the plate
150. In an example, the contact-index 148 is located on
and projects from the engaging surface of one of the jaws
(e.g., the upper jaw) of the jaw assembly 144 and the
interface-index 146 is located on and projects from one
of the engaging surfaces of the plate 150.
[0066] In an example, the contact-index 148 includes,
or takes the form of, at least one contacting-structure
154. The interface-index 146 includes, or takes the form
of, at least one interfacing-structure 152. In an example,
the interfacing-structure 152 and the contacting-structure
154 have complementary geometric shapes and dimen-
sions so that corresponding surfaces of the contacting-
structure 154 (e.g., forming the contact-index 148) and
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interfacing-structure 152 (e.g., forming the interface-in-
dex 146) are in contact when the grip head 232 properly
engages the indexing feature 104. Each one of the con-
tacting-structure 154 and the interfacing-structure 152
includes, or takes the form of, any one of various struc-
tural configurations or arrangements.
[0067] In an example, the contacting-structures 154
and the interfacing-structures 152 include, or take the
form of, a plurality of cooperating and complementary
point structures. In the illustrated example, the contact-
ing-structure 154 includes, or takes the form of, a protru-
sion formed on (e.g., projecting from) a surface of the
grip head 232 and the interfacing-structure 152 includes,
or takes the form, of an aperture formed in (e.g., depend-
ing from) a surface of the plate 150. In this example, the
interfacing-structure 152 is configured to receive and
mate with at least a portion of the contacting-structure
154. In another example, this arrangement may be re-
versed. For example, the contacting-structure 154 in-
cludes, or takes the form of, the aperture and the inter-
facing -structure 152 includes, or takes the form of, the
protrusion. As examples, the protrusion may be, or may
take the form of, a pin, a spring-loaded ball bearing, or
other protruding body and the aperture may be, or may
take the form of, a hole, a detent, a recess, or other open-
ing.
[0068] Referring to Figs. 9A and 9B, in another exam-
ple, the interfacing-structure 152 of the interface-index
146 includes, or takes the form of, a tooling ball that
projects from the plate 150. The contacting-structure 154
of the contact-index 148 includes, or takes the form of,
a cooperating tooling hole that is formed by the jaw as-
sembly 144 and that is configured to receive and mate
with the tooling ball when the grip head 232 properly en-
gages the plate 150. In another example, this arrange-
ment may be reversed. For example, the contacting-
structure 154 includes, or takes the form of, the tooling
ball and the interfacing-structure 152 includes, or takes
the form of, the tooling hole.
[0069] Other structural configurations and/or arrange-
ments of the contact-index 148 (e.g., the contacting-
structure 154) and the interface-index 146 (e.g., the in-
terfacing-structure 152) are also contemplated, such as
a cooperating and complementary cup and cone config-
uration and the like. Generally, any suitable configuration
or arrangement of the contact-index 148 and the inter-
face-index 146 may be used such that there are at least
three points of contact between the gripper 108 and the
indexing feature 104 that can be used to generate at least
three data points representing at least three XYZ-coor-
dinates of the indexing feature 104. In most cases, three
data points is sufficient to generate a complete three-
dimensional location of the fixture tool 102, during the
locating and indexing operation described above.
[0070] In an example, the XZY-coordinate locations of
at least two of the contact-indexes 148 (e.g., at least two
of the contacting-structures 154) are different in at least
two dimensions of the fixed coordinate system 112. Sim-

ilarly, the XZY-coordinate locations of at least two of the
interface-indexes 146 (e.g., at least two of the interfacing-
structures 152) are different in at least two dimensions
of the fixed coordinate system 112.
[0071] In an example implementation of the locating
and indexing operation described above, the fixture tool
102 and, thus, the workpiece 170 are moved into the
work location 258 for engagement of the indexing feature
104 by the gripper 108. With the fixture tool 102 in the
work location 258, the location of the indexing feature
104 relative to the reference frame 216 is approximately
known or is estimated within an acceptable tolerance to
enable the gripper 108 to move to a pre-engaged location
relative to the indexing feature 104, under computer con-
trol. The controller 110 then executes a search operation
in which the gripper 108 incrementally moves along a
predefined search path to find the interface-index 146
and to align and mate the contact-index 148 and the in-
terface-index 146. With the contact-index 148 and the
interface-index 146 suitably aligned and mated with each
other, the contact-index 148 and the interface-index 146
share the point of contact and the locating and indexing
operation is performed as described above.
[0072] Referring to Figs. 8A and 9A, in an example,
the gripper 108 includes at least one engagement-sensor
240. The engagement-sensor 240 is configured to deter-
mine when the gripper 108 is properly aligned with and
engaged to the indexing feature 104, such as when the
contact-index 148 and the interface-index 146 are suit-
ably aligned and mated with each other. The engage-
ment-sensor 240 includes, or takes the form of, any one
of various types of suitable sensors, such as a depth
gauge, a pressure sensor, a tooling probe, a displace-
ment sensor, and the like.
[0073] Referring to Figs. 1-6, in an example, the index-
ing apparatus 100 includes a vehicle 160. The vehicle
160 is configured to support the fixture tool 102. The ve-
hicle 160 is also configured to move the fixture tool 102
relative to the operation cell 106. In an example, the ve-
hicle 160 is configured to move the fixture tool 102 and,
thus, the workpiece 170 to the work location 258 at which
the gripper 108 engages the indexing feature 104 to per-
form the locating and indexing operations described
above. In another example, the vehicle 160 is configured
to move the fixture tool 102 and, thus, the workpiece 170
to the pre-work location relative to the operation cell 106
at which the gripper 108 engages the indexing feature
104 to perform the moving, locating, and indexing oper-
ations described above.
[0074] Referring to Fig. 1, in an example, the vehicle
160 includes, or takes the form of, an automated guided
vehicle 162. The automated guided vehicle 162 is con-
figured to autonomously move along a predefined travel
path under computer control. In this example, the oper-
ation cell 106 may include one or more of sensors, guide
tape, guide wires, laser targets, and any other suitable
navigation mechanisms for moving the automated guid-
ed vehicle 162 along the predefined travel path. In this
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example, the automated guided vehicle 162 moving
along the predefined travel path is configured to move
the fixture tool 102 into the work location 258 (or the pre-
work location) for the gripper 108 to find and engage the
indexing feature 104, as described above.
[0075] Referring to Figs. 1 and 2, in an example, the
vehicle 160 includes, or takes the form of a cart 164. The
cart 164 is configured to travel along a track 166 running
through the operation cell 106. In this example, the cart
164 moving along the track 166 is configured to move
the fixture tool 102 into the work location 258 (or the pre-
work location) for the gripper 108 to find and engage the
indexing feature 104, as described above.
[0076] In an example, the track 166 is arranged such
that the Z-coordinate of the fixture tool 102 and, thus, the
indexing feature 104 is fixed and remains constant as
the cart 164 travels along the track 166 to the work loca-
tion 258. In this example, the locating operation per-
formed by the gripper 108 needs only to determine the
XY-coordinate of the points of contact between the grip-
per 108 and the indexing feature 104.
[0077] Referring to Figs, 1 and 2, in an example, the
manufacturing system 168 includes the operation cell
106 and the automated machine 128. The automated
machine 128 is located in the operation cell 106 and is
configured to perform at least one manufacturing oper-
ation. The manufacturing system 168 also includes the
fixture tool 102. The fixture tool 102 is configured to sup-
port the workpiece 170 and is movable relative to the
operation cell 106. The manufacturing system 168 further
includes the indexing feature 104. The indexing feature
104 is fixed relative to the fixture tool 102. For example,
the indexing feature 104 is coupled to the fixture tool 102.
[0078] The manufacturing system 168 also includes
the gripper 108. The gripper 108 is configured to engage
the indexing feature 104. The manufacturing system 168
further includes the controller 110. The controller 110 is
in communication with the gripper 108 and the automated
machine 128. The controller 110 is configured to locate
the fixture tool 102 relative to the operation cell 106 from
the gripper location 114 of the gripper 108, engaged with
the indexing feature 104. The controller 110 is also con-
figured to index the automated machine 128 relative to
the fixture-tool location 118 of the fixture tool 102.
[0079] Referring to Figs. 1 and 7, in an example of the
manufacturing system 168, the controller 110 is config-
ured to determine the gripper location 114 of the gripper
108 in at least one dimension of the fixed coordinate sys-
tem 112. The controller 110 is also configured to deter-
mine the indexing-feature location 116 of the indexing
feature 104 in the at least one dimension of the fixed
coordinate system 112 from the gripper location 114 of
the gripper 108. The controller 110 is further configured
to determine the fixture-tool location 118 of the fixture
tool 102 in the at least one dimension of the fixed coor-
dinate system 112 from the indexing-feature location 116
of the indexing feature 104. The controller 110 is also
configured to register the digital model 120, representing

the fixture tool 102 and the indexing feature 104, to the
indexing-feature location 116 of the indexing feature 104
and to convert the model location 126 of the digital model
120, registered to the indexing-feature location 116, to
the fixture-tool location 118 of the fixture tool 102.
[0080] Referring to Figs. 1-3, in an example of the man-
ufacturing system 168, the fixture tool 102 includes the
mandrel 130 that is configured to support a composite
laminate and the automated machine 128 includes the
automated fiber placement machine 132 that is config-
ured to perform at least one composite lay-up or lamina-
tion operation.
[0081] Referring to Figs. 2 and 4, in an example of the
manufacturing system 168, the gripper 108 is coupled to
the automated machine 128 and the automated machine
128 is configured to move the gripper 108 relative to the
reference frame 216 in at least one dimension of the fixed
coordinate system 112. Referring to Figs. 5 and 6, in an
example, the gripper 108 is configured to move inde-
pendent of the automated machine 128. Referring to
Figs. 2-6, in an example, the gripper 108 is configured
to move the fixture tool 102 inside of the work envelope
140 of the operation cell 106.
[0082] Referring to Figs. 8A, 8B, 9A and 9B, in an ex-
ample of the manufacturing system 168, the indexing fea-
ture 104 includes at least one interface-index 146. The
gripper 108 includes at least one contact-index 148 that
is configured to engage the at least one interface-index
146.
[0083] Referring to Fig. 1-6, in an example, the man-
ufacturing system 168 includes the vehicle 160. The ve-
hicle 160 is configured to support the fixture tool 102 and
to move the fixture tool 102 relative to the operation cell
106.
[0084] Referring to Figs. 1 and 2, in an example, the
manufacturing system 168 also includes the track 166.
The track 166 runs through the operation cell 106. In this
example, the vehicle 160 includes, or takes the form of,
the cart 164 that is configured to travel along the track
166.
[0085] Referring to Fig. 10, in an example, the manu-
facturing system 168 includes the second operation cell
172. The manufacturing system 168 also includes the
second automated machine 174. The second automated
machine 174 is located in the second operation cell 172
and is configured to perform at least one manufacturing
operation on the workpiece 170.
[0086] The manufacturing system 168 further includes
a second gripper 176. The second gripper 176 is config-
ured to engage the indexing feature 104. The controller
110 is in communication with the second gripper 176 and
the second automated machine 174. The controller 110
is configured to locate the fixture tool 102 relative to the
second operation cell 172 from a second gripper-location
178 of the second gripper 176, engaged with the indexing
feature 104. The controller 110 is further configured to
index the second automated machine 174 relative to a
second fixture-tool location 180 of the fixture tool 102.

21 22 



EP 4 000 895 A1

13

5

10

15

20

25

30

35

40

45

50

55

Once indexed, the second automated machine 174 per-
forms at least one manufacturing operation on the work-
piece 170.
[0087] Referring generally to Fig. 1 and particularly to
Figs. 11-13, in another example, the indexing apparatus
100 includes the fixture tool 102. The fixture tool 102 is
movable relative to the operation cell 106. The apparatus
100 also includes the indexing feature 104. The indexing
feature 104 is fixed relative to the fixture tool 102. For
example, the indexing feature 104 is located on the fixture
tool 102.
[0088] In the examples illustrated in Figs. 11-15, the
indexing feature 104 is coupled to, or is located on, a top
of the fixture tool 102. In other examples, the indexing
feature 104 is coupled to, or is located on, another portion
(e.g., a side, a front, a rear, a bottom, etc.) of the fixture
tool 102.
[0089] In an example, the indexing apparatus 100 in-
cludes the sensor 184. The sensor 184 is configured to
detect (e.g., visually identify) the indexing feature 104.
The indexing feature 104 is appropriately located relative
to the fixture tool 102 so that at least a portion of the
indexing feature 104 is visually accessible by the sensor
184. Conversely, the sensor 184 is appropriately located
relative to the fixture tool 102 so that at least a portion of
the sensor 184 is physically accessible by the indexing
feature 104. In an example, the indexing feature 104 is
located on, or is formed in, an exposed, outer surface of
the fixture tool 102. The sensor 184 is configured to gen-
erate sensor data 186 (Fig. 1) that is representative of
the location of the indexing feature 104 (the indexing-
feature location 116) (Fig. 1). In other words, the sensor
184 locates the indexing feature 104 in the reference
frame 216.
[0090] Referring to Figs. 11-13, in an example, the sen-
sor 184 includes the articulation mechanism 230 and a
sensor head 242 that is coupled to the working end of
the articulation mechanism 230. The articulation mech-
anism 230 is configured to move the sensor head 242 in
three-dimensional space, such as linearly along at least
one axis of the fixed coordinate system 112 and/or rota-
tionally about at least one axis of the fixed coordinate
system 112.
[0091] The articulation mechanism 230 is also config-
ured to provide location data (e.g., interface data 222)
(Fig. 1) that represents a location of the sensor 184 (e.g.,
the sensor head 242) relative to the reference frame 216.
In an example, the location data and the sensor data 186
are used to determine the indexing-feature location 116
relative to the reference frame 216. In an example, and
for the purpose of the present description, the location
data of the sensor 184 relative to the reference frame
216 is incorporated with the sensor data 186.
[0092] Referring to Fig. 13, the sensor head 242 in-
cludes, or takes the form of, any one of various machine
vision or computer vision systems that is configured to
scan the fixture tool 102 and identify the indexing feature
104 from the scan. In an example, the sensor 184 (e.g.,

the sensor head 242) includes, or takes the form of, a
camera that is configured to capture still images or video
(e.g., the sensor data 186) that visually represent the
fixture tool 102 and the indexing feature 104. In another
example, the sensor 184 (e.g., the sensor head 242) in-
cludes, or takes the form of, a laser scanner that is con-
figured to project laser light onto the fixture tool 102 and
collect laser light deflected back from the fixture tool 102
and to generate the sensor data 186 from the collected
laser light that represents the indexing feature 104.
[0093] In an example, the sensor data 186 is repre-
sentative of, or corresponds to, the indexing-feature lo-
cation 116. In an example, the laser scanner is a two-
dimensional laser scanner and the sensor data 186 is
representative of the location of the indexing feature 104
in two dimensions of the fixed coordinate system (e.g.,
the XY-coordinates). In another example, the laser scan-
ner is a three-dimensional laser scanner and the sensor
data 186 is representative of the location of the indexing
feature in three dimensions of the fixed coordinate sys-
tem (e.g., the XYZ-coordinates).
[0094] Referring to Figs. 11 and 12, in an example, the
articulation mechanism 230 is coupled to, or forms a por-
tion of, the automated machine 128. In Fig. 12, the robotic
arm 226 and the end effector 228 (Fig. 11) of the auto-
mated machine 128 (e.g., for performing the at least one
manufacturing operation) are removed for clarity of illus-
tration. In this example, the automated machine 128 is
configured to move the sensor 184 relative to the oper-
ation cell 106 and the fixture tool 102 in at least one di-
mension of the fixed coordinate system 112. In other
words, at least a portion of the range of motion, or one
or more degrees of freedom, of the articulation mecha-
nism 230 is provided by the automated machine 128.
[0095] Referring to Fig. 13, in an example, the articu-
lation mechanism 230 is separate from and is independ-
ent of the automated machine 128. In this example, a full
range of motion, or every degree of freedom, of the sen-
sor 184 is provided by (e.g., is inherent to) the articulation
mechanism 230.
[0096] Referring to Fig. 14, in another example of the
indexing apparatus 100, the interfacing device 220 (Fig.
1) includes more than one sensor 184 (referred to herein
as a plurality of sensors 184). In this example, the index-
ing apparatus 100 includes more than one indexing fea-
ture 104 (e.g., the plurality of indexing features 104).
Each one of the indexing features 104 is fixed relative to
the fixture tool 102. Each one of sensors 184 is configured
to scan, detect, and locate at least a portion of the index-
ing feature 104 or a corresponding one of a plurality of
the indexing features 104. Referring to Figs. 1 and 11-15,
the indexing apparatus 100 also includes the controller
110. The controller 110 is in communication with the sen-
sor 184. The controller 110 is configured to locate the
fixture tool 102 relative to the operation cell 106 from the
indexing-feature location 116 of the indexing feature 104,
identified by the sensor 184.
[0097] In an example, the controller 110 is configured
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to determine the indexing-feature location 116 of the in-
dexing feature 104, for example, relative to the reference
frame 216 in at least one dimension of the fixed coordi-
nate system 112, from the sensor data 186, generated
by the sensor 184. The controller 110 is also configured
to determine the fixture-tool location 118 of the fixture
tool 102, for example, relative to the reference frame 216
in the at least one dimension of the fixed coordinate sys-
tem 112, from the indexing-feature location 116 of the
indexing feature 104.
[0098] In an example, the controller 110 is configured
to register the digital model 120 (Fig. 1), representing the
fixture tool 102 and the indexing feature 104, to the in-
dexing-feature location 116 of the indexing feature 104.
The controller 110 is also configured to convert the model
location 126 of the digital model 120, registered to the
indexing-feature location 116, to the fixture-tool location
118 of the fixture tool 102.
[0099] Fig. 16 schematically illustrates an example of
the inputs 234 provided to the controller 110 and the out-
puts 236 generated by the controller 110 during the lo-
cating and indexing operation. In an example, the sensor
data 186 is provided to the controller 110 from the sensor
184. The sensor data 186 is an example of the interface
data 222 (Fig. 1). In an example, the sensor data 186
(e.g., the interface data 222) also includes the location
data that is representative of the actual, physical location
of the sensor 184 (e.g., the sensor head 242) (Fig. 13)
relative to the reference frame 216, for example, as gen-
erated by encoders, sensors, other relative positioning
devices, or a combination thereof. The controller 110
processes the sensor data 186 and determines the in-
dexing-feature location 116, based on the sensor data
186.
[0100] Referring to Figs. 11-15, in an example, the sen-
sor 184 (e.g., the sensor head 242) moves along a scan
path relative to the fixture tool 102 and scans at least a
portion of the fixture tool 102 that includes the indexing
feature 104. The sensor 184 may collect a sufficient
amount of data points of the sensor data 186 (Fig. 16) to
locate the indexing feature 104 in a single pass or may
require more than one pass. The controller 110 is con-
figured to identify and extract data points representing
the indexing feature 104. The controller 110 then deter-
mines the XYZ-coordinates of the data points represent-
ing the indexing feature 104 relative to the reference
frame 216. The controller 110 then determines the index-
ing-feature location 116 as described by the XYZ-coor-
dinates of the data points representing the indexing fea-
ture 104 in the sensor data 186.
[0101] The indexing feature 104 includes a structure
that is visually perceptible and/or computationally distin-
guishable from a surrounding surface area of the fixture
tool 102. For example, the indexing feature 104 includes
a structural configuration that is suitable for computation-
al perception and recognition, such as in a point cloud
processing operation performed on a plurality of data
points of the sensor data 186. The indexing-feature lo-

cation 116 is described by the XYZ-coordinates of the
plurality of data points representing the indexing feature
104 in the sensor data 186.
[0102] It should be noted that increasing the number
of data points representing the indexing feature 104 in
the sensor data 186 provides a greater number of XYZ-
coordinate data points for processing, which, in turn, in-
creases the accuracy of the indexing-feature location 116
and the fixture-tool location 118 during data point align-
ment of the indexing operation.
[0103] The controller 110 is configured to register the
digital model 120, representing the fixture tool 102 and
the indexing feature 104, to the indexing-feature location
116 and determines the model location 126. In an exam-
ple, the controller 110 is configured to overlay and align
the digital model 120 with the XYZ-coordinates describ-
ing the indexing-feature location 116 within the reference
frame 216. The digital model 120 includes data points
representing the indexing feature 104. In an example,
the controller 110 performs a best fit operation (e.g., ex-
ecutes a best fit algorithm) to align data points represent-
ing the indexing feature 104 with data points representing
the XYZ-coordinates describing the indexing-feature lo-
cation 116. In an example, the best fit operation includes
a rigid body, point cloud transformation operation.
[0104] With the digital model 120 registered and
aligned with the indexing-feature location 116, the con-
troller 110 is configured to convert the model location 126
to the fixture-tool location 118 of the fixture tool 102, for
example, relative to the reference frame 216. For exam-
ple, the fixture-tool location 118 is assumed to be the
same as the model location 126 within tolerance. Thus,
the fixture-tool location 118 represents the immediate
(e.g., current, real-time) location of the fixture tool 102
and, thus, the workpiece 170 relative to the operation cell
106 and the automated machine 128.
[0105] With the fixture-tool location 118 known, the au-
tomated machine 128 is indexed, or is "zeroed", relative
to the fixture-tool location 118 and follows the predeter-
mined tool path to perform the manufacturing operation
on the workpiece 170. Indexing the automated machine
128 relative to the fixture tool 102, based on the fixture-
tool location 118, consequently indexes the automated
machine 128 relative to the workpiece 170. The geometry
of the workpiece 170 and the known location of the work-
piece 170 relative to the fixture tool 102 are incorporated
in and are accounted for by the programmed tool path of
the automated machine 128
[0106] Referring to Figs. 1 and 11, in an example, the
indexing apparatus 100 includes the automated machine
128. The automated machine 128 is located in the oper-
ation cell 106 and is in communication with the controller
110. The controller 110 is configured to index the auto-
mated machine 128 relative to the fixture-tool location
118 of the fixture tool 102.
[0107] Referring to Figs. 11, 12, 14 and 15, in an ex-
ample, the automated machine 128 includes the gantry
134. In this example, the fixture tool 102 and, thus, the
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workpiece 170 is moved to the work location 258 within
the operation cell 106 and the gantry 134 and/or the ro-
botic arm 226, coupled to the gantry 134, moves relative
to the fixture tool 102 so that the end effector 228 follows
along the predetermined tool path.
[0108] In another example (not shown), the robotic arm
226 is a stand-alone robot that has a fixed base within
the operation cell 106. In this example, the fixture tool
102 and, thus, the workpiece 170 are moved to the work
location 258 within the operation cell 106 and the robotic
arm 226 moves relative to the fixture tool 102 so that the
end effector 228 follows along the predetermined tool
path.
[0109] While the illustrated examples of the indexing
apparatus 100 show only one automated machine 128
(e.g., one robotic arm 226 with one end effector 228) for
performing the manufacturing operation on the work-
piece 170 in the operation cell 106, in other examples,
the indexing apparatus 100 may have any number of
additional automated machines 128 (e.g., additional ro-
botic arms 226 and/or additional end effectors 228).
[0110] Referring to Figs. 1 and 11, in an example, the
manufacturing operation includes a pre-cure composite
assembly operation, such as the composite layup oper-
ation and/or composite lamination operation. In this ex-
ample, the workpiece 170 includes the composite lami-
nate (e.g., layup of a composite material). The fixture tool
102 includes, or takes the form of, the mandrel 130. The
mandrel 130 is configured to support a composite lami-
nate. The automated machine 128 includes, or takes the
form of, the automated fiber placement machine 132.
[0111] In an example, the fixture tool 102 is moved into
the work location 258 and the immediate location of the
fixture tool 102 and the workpiece 170 (e.g., the fixture-
tool location 118) is determined using the sensor 184 and
the indexing feature 104, as described above. Based on
the fixture-tool location 118 (e.g., the location of the fix-
ture tool 102 and the location of the workpiece 170 rela-
tive to the location of the fixture tool 102), the automated
fiber placement machine 132 lays down and/or consoli-
dates at least a portion of at least one layer of a stack of
composite sheets.
[0112] In one or more other examples (not explicitly
illustrated), the manufacturing operation includes anoth-
er assembly operation or machining operation. In such
examples, the workpiece 170 may be a post-cure com-
posite workpiece, metallic workpiece, plastic workpiece,
or other non-composite workpiece. The fixture tool 102
includes the suitable holding-features 260 (Fig. 1) con-
figured to secure the workpiece 170 during movement to
the operation cell 106 and during the manufacturing op-
eration. The automated machine 128 includes, or takes
the form of, any appropriate machine tool.
[0113] Referring to Figs. 12, 14 and 15, in an example,
the indexing apparatus 100 includes the drive assembly
138 that is coupled to the sensor 184. The drive assembly
138 is configured to move the sensor 184 (e.g., the sen-
sor head 242) relative to the reference frame 216, such

as in one or more dimensions of the fixed coordinate
system 112. In an example, the drive assembly 138 is
coupled to, or forms a portion of the articulation mecha-
nism 230 of the sensor 184, such as in examples where
the sensor 184 is separate from the automated machine
128, as illustrated in Figs. 14 and 15. In another example,
the drive assembly 138 is couple to, or is formed by, the
automated machine 128, such as in examples where the
sensor 184 is coupled to the automated machine 128,
as illustrated in Figs. 11 and 12.
[0114] In an example, the indexing apparatus 100 in-
cludes the independent moving mechanism (not shown)
that is configured to move the fixture tool 102 to the work
location 258.
[0115] Referring to Fig. 13, in an example, the indexing
feature 104 includes at least one interfacing-structure
192. In the example illustrated in Fig. 13, the indexing
feature 104 includes two interfacing-structures 192.
However, in other examples, the indexing feature 104
includes any number of interfacing-structures 192.
[0116] In an example, the interfacing-structure 192 is
located on a surface 194 (e.g., an exposed surface) of
the fixture tool 102. In other words, the interfacing-struc-
ture 192 is suitably located as not to be covered or oth-
erwise obscured by the workpiece 170 (not shown in Fig.
13) that is secured to the fixture tool 102. The interfacing-
structure 192 is suitably located to be visually accessible
by the sensor 184 during the locating and indexing op-
eration described above. The interfacing-structure 192
includes any one of a variety of different structures that
is visually perceptible and/or computationally discerna-
ble from the surface 194 of the fixture tool 102 that sur-
rounds the indexing feature 104. Figs. 17-20 schemati-
cally illustrate various examples of the interfacing-struc-
ture 192.
[0117] Referring to Fig. 17, in an example, in an exam-
ple of the indexing feature 104, the interfacing-structure
192 is continuous and extends longitudinally along the
surface 194 (e.g., a top surface) of the fixture tool 102.
In other words, the interfacing-structure 192 may be a
continuous interfacing-structure. In an example, the in-
terfacing-structure 192 may be linear, as illustrated in
Fig. 17. In another example, the interfacing-structure 192
may be non-linear.
[0118] Referring to Fig. 18, in another example of the
indexing feature 104, the interfacing-structure 192 is dis-
continuous and extends longitudinally along the surface
194 of the fixture tool 102. In other words, the interfacing-
structure 192 may be a plurality of discontinuous inter-
facing-point structures (e.g., also referred to herein as a
plurality of interfacing-structures 192). In an example, the
plurality of interfacing-structures 192 may be arranged
linearly, as illustrated in Fig. 18. In another example, the
plurality of interfacing-structures 192 may be arranged
non-linearly.
[0119] In an example, the interfacing-structure 192 is
a continuous groove formed in (e.g., depending from) the
surface 194 of the fixture tool 102. In another example,
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the interfacing-structure 192 is a continuous ridge formed
on (e.g., projecting from) the surface 194 of the fixture
tool 102. In another example, each one of the plurality of
interfacing-structures 192 includes an aperture formed
in (e.g., depending from) the surface 194. In another ex-
ample, each one of the plurality of interfacing-structures
192 includes a protrusion formed on (e.g., projecting
from) the surface 194. In the illustrated example, the in-
dexing feature 104 includes two interfacing-structures
192. In other examples, the indexing feature 104 includes
any number of interfacing-structures 192. Other structur-
al configurations and/or arrangements of the interfacing-
structure 192 are also contemplated.
[0120] Referring to Fig. 19, in another example, the
interfacing-structure 192 is formed by an edge of the fix-
ture tool 102. In an example, the edge extends continu-
ously and longitudinally along the fixture tool 102. In an
example, the edge is formed by the intersection of two
exposed surfaces 194 (e.g., a top surface and a side
surface) of the fixture tool 102. In the illustrated example,
the interfacing-structure 192 of the indexing feature 104
includes, or is formed by, two edges of the fixture tool
102. In other examples, the interfacing-structure 192 of
the indexing feature 104 includes, or is formed by, any
number of edges.
[0121] In another example, the interfacing-structure
192 includes a combination of two or more of types of
structures, such as grooves, ridges, a series of apertures,
a series of protrusions, and edges. Various other config-
urations of the interfacing-structure 192 are also contem-
plated.
[0122] In an example in which the indexing feature 104
includes two or more interfacing-structures 192, the in-
terfacing-structures 192 (e.g., grooves, ridges, aper-
tures, protrusions, and edges) are non-parallel to each
other (e.g., oriented oblique to each other). The non-par-
allel arrangement of the interfacing-structures 192 pro-
vides non-parallel data points in the sensor data 186 that
can be combined during processing to derive the XYZ-
coordinates of the plurality of data points relative to the
reference frame 216 in more than one dimension of the
fixed coordinate system 112. Referring to Figs. 11-15, in
an example, the indexing apparatus 100 includes the ve-
hicle 160. The vehicle 160 is configured to support the
fixture tool 102 and to move the fixture tool 102 relative
to the operation cell 106. In an example, the vehicle 160
is configured to move the fixture tool 102 and, thus, the
workpiece 170 to the work location 258 at which the sen-
sor 184 scans and detects (e.g., visually identifies) the
indexing feature 104 to perform the locating and indexing
operations described above.
[0123] Referring to Fig. 1, in an example of the indexing
apparatus 100, the vehicle 160 includes, or takes the
form of, the automated guided vehicle 162. Referring to
Figs 1 and 11, in an example, the vehicle 160 includes,
or takes the form of, the cart 164. The cart 164 is config-
ured to travel along the track 166 running through the
operation cell 106.

[0124] In an example, the track 166 is arranged such
that the Z-coordinate of the fixture tool 102 and, thus, the
indexing feature 104 is fixed and remains constant as
the cart 164 travels along the track 166 to the work loca-
tion 258. In this example, the locating operation per-
formed by the sensor 184 needs only to determine the
XY-coordinate of the indexing feature 104.
[0125] Referring to Figs. 1 and 11, in another example,
the manufacturing system 168 includes the operation cell
106 and the automated machine 128. The automated
machine 128 is located in the operation cell 106 and is
configured to perform at least one manufacturing oper-
ation. The manufacturing system 168 also includes the
fixture tool 102. The fixture tool 102 is configured to sup-
port the workpiece 170 and is movable relative to the
operation cell 106. The manufacturing system 168 further
includes the indexing feature 104. The indexing feature
104 is fixed relative to the fixture tool 102. For example,
the indexing feature 104 is located on the fixture tool 102.
[0126] The manufacturing system 168 also includes
the sensor 184. The sensor 184 is configured to detect
(e.g., visually identify) the indexing feature 104. The man-
ufacturing system 168 further includes the controller 110
that is in communication with the sensor 184 and the
automated machine 128. The controller 110 is configured
to locate the fixture tool 102 relative to the operation cell
106 from the indexing-feature location 116 of the indexing
feature 104, identified by the sensor 184. The controller
110 is also configured to index the automated machine
128 relative to the fixture-tool location 118 of the fixture
tool 102.
[0127] Referring to Figs. 1 and 16, in an example of
the manufacturing system 168, the controller 110 is con-
figured to determine the indexing-feature location 116 of
the indexing feature 104 in at least one dimension of the
fixed coordinate system 112 from sensor data 186, gen-
erated by the sensor 184. The controller 110 is also con-
figured to determine the fixture-tool location 118 of the
fixture tool 102 in the at least one dimension of the fixed
coordinate system 112 from the indexing-feature location
116 of the indexing feature 104. The controller 110 is
further configured to register the digital model 120, rep-
resenting the fixture tool 102 and the indexing feature
104, to the indexing-feature location 116 of the indexing
feature 104; and to convert the model location 126 of the
digital model 120, registered to the indexing-feature lo-
cation 116, to the fixture-tool location 118 of the fixture
tool 102.
[0128] Referring to Figs. 1, 11 and 13, in an example
of the manufacturing system 168, the fixture tool 102 in-
cludes the mandrel 130 that is configured to support a
composite laminate and the automated machine 128 in-
cludes the automated fiber placement machine 132 that
is configured to perform at least one composite lay-up or
lamination operation.
[0129] Referring to Figs. 11 and 12, in an example of
the manufacturing system 168, the sensor 184 is coupled
to the automated machine 128 and the automated ma-
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chine 128 is configured to move the sensor 184 relative
to the fixture tool 102 in at least one dimension of the
fixed coordinate system 112. Referring to Figs. 14 and
15, in an example, the sensor 184 is configured to move
independent of the automated machine 128.
[0130] Referring to Figs. 13 and 17-19, in an example
of the manufacturing system 168, the indexing feature
104 includes at least one interfacing-structure 192, lo-
cated on the surface 194 of the fixture tool 102. The in-
terfacing-structure 192 is visually detectable (e.g., per-
ceptible and recognizable) by the sensor 184.
[0131] Referring to Figs. 1 and 11-15, in an example,
the manufacturing system 168 includes the vehicle 160.
The vehicle 160 is configured to support the fixture tool
102 and to move the fixture tool 102 relative to the oper-
ation cell 106.
[0132] Referring to Figs. 1 and 11, in an example, the
manufacturing system 168 also includes the track 166.
The track 166 runs through the operation cell 106. In this
example, the vehicle 160 includes, or takes the form of,
the cart 164 that is configured to travel along the track
166.
[0133] Referring to Figs. 20, in an example, the man-
ufacturing system 168 includes the second operation cell
172. The manufacturing system 168 also includes the
second automated machine 174. The second automated
machine 174 is located in the second operation cell 172
and configured to perform at least one manufacturing
operation on the workpiece 170.
[0134] The manufacturing system 168 also includes a
second sensor 198. The second sensor 198 is configured
to detect (e.g., visually identify) the indexing feature 104.
The controller 110 is in communication with the second
sensor 198 and the second automated machine 174. The
controller 110 is configured to locate the fixture tool 102
relative to the second operation cell 172 from a second
indexing-feature location 200 of the indexing feature 104,
identified by the second sensor 198. The controller 110
is also configured to index the second automated ma-
chine 174 relative to a second fixture-tool location 180
of the fixture tool 102. Once indexed, the second auto-
mated machine 174 performs at least one manufacturing
operation on the workpiece 170.
[0135] Referring generally to Fig. 1 and particularly to
Figs. 21-23 in another example, the indexing apparatus
100 includes the fixture tool 102. The fixture tool 102 is
movable relative to the operation cell 106. The indexing
apparatus 100 also includes the indexing feature 104.
The indexing feature 104 is fixed relative to the fixture
tool 102. For example, the indexing feature 104 is formed
by, or is otherwise disposed on, the fixture tool 102.
[0136] In the examples illustrated in Figs. 21-23, the
indexing feature 104 is coupled to, or is located on, at
least one side of the fixture tool 102. In other examples,
the indexing feature 104 is coupled to, or is located on,
another portion (e.g., an opposing side, a front, a rear, a
top, a bottom, etc.) of the fixture tool 102.
[0137] In an example, the indexing apparatus 100 in-

cludes the plurality of probes 202. The plurality of probes
202 is movable relative to the operation cell 106 and the
fixture tool 102. The plurality of probes 202 is configured
to engage (e.g., to make physical contact with) the in-
dexing feature 104. The indexing feature 104 is appro-
priately located relative to the fixture tool 102 so that at
least a portion of the indexing feature 104 is physically
accessible by the plurality of probes 202. Conversely,
the plurality of probes 202 is appropriately located rela-
tive to the fixture tool 102 so that at least a portion of the
plurality of probes 202 is physically accessible by the
indexing feature 104. With the plurality of probes 202
engaged to the indexing feature 104, a plurality of loca-
tions of the plurality of probes 202 (also referred to herein
as a plurality of probe locations 204) (Fig. 1) is represent-
ative of, or corresponds to, the indexing-feature location
116 (Fig. 1). In other words, the plurality of probes 202
locates the indexing feature 104 in the reference frame
216.
[0138] Referring to Figs. 21-23, in an example of the
indexing apparatus 100, the plurality of probes 202 form
a portion of a probe assembly 250 (e.g., the probe as-
sembly 250 includes the plurality of probes 202). The
probe assembly 250 includes a drive mechanism 252
that is coupled to each one of the plurality of probes 202
associated with the probe assembly 250. The drive
mechanism 252 is configured to move each one of the
plurality of probes 202 (e.g., also referred to collectively
as probes 202 and individually as probe 202) relative to
the fixture tool 102 in at least one dimension of the fixed
coordinate system 112. For example, the drive mecha-
nism 252 is configured to linearly translate (e.g., extend
and retract) each probe 202 in one dimension (e.g., a Y-
direction) of the fixed coordinate system 112.
[0139] The drive mechanism 252 includes at least one
suitable drive motor (not shown) to drive motion of the
probes 202, such as an electromechanical motor, a pneu-
matic motor, a hydraulic motor, and the like. The probe
assembly 250 is also configured to provide location data
(e.g., the interface data 222) that represents a plurality
of locations of the probes 202, for example, relative to
the reference frame 216 in at least one dimension of the
fixed coordinate system 112 (e.g., the plurality of probe
locations 204). For example, the probe assembly 250
also includes at least one encoder (not shown) and/or at
least one sensor (not shown) that converts motion of each
probe 202 into an electrical signal that represents the
probe location 204 of the corresponding probe 202. The
probe assembly 250 also includes other suitable elec-
tronic, mechanical, pneumatic, and hydraulic compo-
nents (not shown). The drive mechanism 252 operates
under computer control, such as by the controller 110.
[0140] In the examples illustrated in Figs. 21 and 22,
the indexing apparatus 100 includes two probe assem-
blies 250, for example, that are opposite each other, so
that the probes 202 associated with each one of the probe
assemblies 250 engage corresponding indexing features
104, for example, disposed on opposing sides of the fix-
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ture tool 102. In another example, the indexing apparatus
100 includes one probe assembly 250 so that the probes
202 associated with the probe assembly 250 engage the
indexing feature 104 disposed on the fixture tool 102.
[0141] Referring to Figs. 1 and 21-23, the indexing ap-
paratus 100 also includes the controller 110. The con-
troller 110 is in communication with the plurality of probes
202. The controller 110 is configured to locate the fixture
tool 102 relative to the operation cell 106 from the plurality
of probe locations 204 of the plurality of probes 202, with
the plurality of probes 202 engaged to the indexing fea-
ture 104.
[0142] In an example of the indexing apparatus 100,
the controller 110 is configured to determine the plurality
of probe locations 204 of the plurality of probes 202, for
example, relative to the reference frame 216 in at least
one dimension of the fixed coordinate system 112. The
controller 110 is also configured to determine the index-
ing-feature location 116 of the indexing feature 104, for
example, relative to the reference frame 216 in the at
least one dimension of the fixed coordinate system 112,
from the plurality of probe locations 204 of the plurality
of probes 202. The controller 110 is further configured to
determine the fixture-tool location 118 of the fixture tool
102, for example, relative to the reference frame 216 in
the at least one dimension of the fixed coordinate system
112, from the indexing-feature location 116 of the index-
ing feature 104.
[0143] In an example, the controller 110 is configured
to register the digital model 120 (Fig. 1), representing the
fixture tool 102 and the indexing feature 104, to the in-
dexing-feature location 116 of the indexing feature 104.
The controller 110 is also configured to convert the model
location 126 of the digital model 120, registered to the
indexing-feature location 116, to the fixture-tool location
118 of the fixture tool 102.
[0144] Fig. 24 schematically illustrates an example of
the inputs 234 provided to the controller 110 and the out-
puts 236 generated by the controller 110 during the lo-
cating and indexing operation. In an example, probe-lo-
cation data 254 is provided to the controller 110 by the
probe assembly 250. The probe-location data 254 is an
example of the interface data 222 (Fig. 1). In an example,
the probe-location data 254 is generated by encoders,
sensors, other relative positioning devices, or a combi-
nation thereof and is representative of the actual, phys-
ical location of the plurality of probes 202 (the probe lo-
cations 204) (Fig. 13). The controller 110 processes the
probe-location data 254 and determines the probe loca-
tions 204 based on the probe-location data 254. The con-
troller 110 then processes the probe locations 204 and
determines the indexing-feature location 116 based on
the probe locations 204.
[0145] Referring to Figs. 21-23, in an example, with
the probes 202 engaged to the indexing feature 104,
there are a plurality of points of contact between the
probes 202 and the indexing feature 104. Each one of
these points of contact has an XYZ-coordinate that is

common to both the corresponding probe 202 and the
indexing feature 104. The probe-location data 254 (Fig.
24) represents an XYZ-coordinates of the points of con-
tact of the probes 202 (e.g., the XYZ-coordinate of the
point of contact of each probe 202) and the probe loca-
tions 204 are described by the XYZ-coordinates of the
points of contact of the probes 202. The controller 110
converts the XYZ-coordinates of the points of contact of
the probes 202 to XYZ-coordinates of corresponding
points of contact of the indexing feature 104. The con-
troller 110 then determines the indexing-feature location
116 as described by the XYZ-coordinates of points of
contact of the indexing feature 104.
[0146] In an example, the probe assembly 250 in-
cludes at least two probes 202 corresponding to at least
two points of contact between the probes 202 and the
indexing feature 104, which, in turn, provides at least two
XYZ-coordinates describing the indexing-feature loca-
tion 116 of the indexing feature 104. In another example,
the probe assembly 250 includes at least three probes
202 corresponding to at least three points of contact be-
tween the probes 202 and the indexing feature 104,
which, in turn, provides at least three XYZ-coordinates
describing the indexing-feature location 116 of the index-
ing feature 104. In another example, a combination of
the probes 202 from two or more probe assemblies 250
correspond to at least three points of contact between
the probes 202 and the indexing feature 104, which, in
turn, provides at least three XYZ-coordinates describing
the indexing-feature location 116 of the indexing feature
104.
[0147] In an example, the plurality of points of contact
are provided by the probes 202 of one probe assembly
250 that engage the indexing feature 104 disposed on
the fixture tool 102. In another example, some of the
points of contact are provided by the probes 202 asso-
ciated in a first probe assembly 250 that engage a first
portion of the indexing feature 104 (or a first indexing
feature 104) disposed on a first side (or first surface) of
the fixture tool 102 and some of the points of contact are
provided by the probes 202 associated with a second
probe assembly 250 that engage a second portion of the
indexing feature 104 (or a second indexing feature 104)
disposed on a second side (or second surface) of the
fixture tool 102.
[0148] It should be noted that increasing the number
of points of contact between the probes 202 and the in-
dexing feature 104 (e.g., by increasing the number of
probes 202 engaged with the indexing feature 104) pro-
vides a greater number of XYZ-coordinate data points
for processing, which, in turn, increases the accuracy of
the indexing-feature location 116 and the fixture-tool lo-
cation 118 during data point alignment of the indexing
operation.
[0149] In the illustrated examples, probes 202 (e.g., of
opposing probe assemblies 250) are arranged to engage
portions of the indexing feature 104 (or different indexing
features 104) that are disposed on the opposing sides
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(e.g., side surfaces) of the fixture tool 102. In other ex-
amples (not shown), probes 202 (e.g., from an additional
or alternate probe assembly 250) are arranged to engage
portions of the indexing feature 104 (or different indexing
features 104) that are disposed on another portion or
another surface (e.g., a top, bottom, front, back, etc.) of
the fixture tool 102. Referring to Fig. 27, in an example,
the probe 202 includes the contact-index 148 and the
indexing feature 104 includes the interface-index 146.
With the probe 202 engaged to the indexing feature 104,
there is a point of contact between the contact-index 148
and the interface-index 146. This point of contact has an
XYZ-coordinate that is common to both the contact-index
148 and the interface-index 146. The probe-location data
254 represents an XYZ-coordinate of the point of contact
of the contact-index 148 of the probe 202 and the probe
location 204 of the probe 202 is described by the XYZ-
coordinate of the point of contact of the contact-index
148 of the probe 202. The controller 110 converts the
XYZ-coordinate of the point of contact of the contact-
index 148 to an XYZ-coordinate of a corresponding point
of contact of the interface-index 146. The controller 110
determines the indexing-feature location 116 as de-
scribed by the XYZ-coordinates of points of contact of
the interface-index 146.
[0150] Generally, the plurality of probes 202 includes,
or forms, a plurality of contact-indexes 148 and the in-
dexing feature 104 includes, or forms, a plurality of inter-
face-indexes 146, which, in turn, provides the plurality of
points of contact. Accordingly, the probe-location data
254 (Fig. 24) represents the XYZ-coordinates of the plu-
rality of points of contact of the contact-indexes 148 of
the plurality of probes 202. The plurality of probe locations
204 is described by the XYZ-coordinates of the points of
contact of the contact-indexes 148 of the plurality of
probes 202. The indexing-feature location 116 is de-
scribed by the XYZ-coordinates of the corresponding plu-
rality of points of contact of the interface-indexes 146.
[0151] It should be noted that increasing the number
of contact-indexes 148 and interface-indexes 146 in-
creases the number of points of contact between the
probes 202 and the indexing feature 104, which, in turn,
provides a greater number of XYZ-coordinate data points
for processing, which, in turn, increases the accuracy of
the indexing-feature location 116 and the fixture-tool lo-
cation 118 during data point alignment of the indexing
operation. In an example, the probe assembly 250 (e.g.,
plurality of probes 202) includes at least three contact-
indexes 148 and the indexing feature 104 include at least
three interface-indexes 146.
[0152] Referring again to Fig. 24, the controller 110 is
configured to register the digital model 120, representing
the fixture tool 102 and the indexing feature 104, to the
indexing-feature location 116 and determines the model
location 126. In an example, the controller 110 is config-
ured to overlay and align the digital model 120 with the
XYZ-coordinates describing the indexing-feature loca-
tion 116 within the reference frame 216. The digital model

120 includes data points representing the points of con-
tact of the indexing feature 104. For example, the digital
model 120 includes data points that represent the inter-
face-index 146 of the indexing feature 104. In an exam-
ple, the controller 110 performs a best fit operation (e.g.,
executed a best fit algorithm) to align data points repre-
senting the points of contact of the indexing feature 104,
such as the data points representing the interface-index-
es 146, with data points representing the XYZ-coordi-
nates describing the indexing-feature location 116. In an
example, the best fit operation includes a rigid body, point
cloud transformation operation.
[0153] With the digital model 120 registered and
aligned with the indexing-feature location 116, the con-
troller 110 is configured to convert the model location 126
to the fixture-tool location 118 of the fixture tool 102 rel-
ative to the reference frame 216. For example, the fixture-
tool location 118 is assumed to be the same as the model
location 126 within tolerance. Thus, the fixture-tool loca-
tion 118 represents the immediate (e.g., current, real-
time) location of the fixture tool 102 and, thus, the work-
piece 170 relative to the operation cell 106 and the au-
tomated machine 128.
[0154] With the fixture-tool location 118 known, the au-
tomated machine 128 is indexed, or is "zeroed", relative
to the fixture-tool location 118 and follows the predeter-
mined tool path to perform the manufacturing operation
on the workpiece 170. Indexing the automated machine
128 relative to the fixture tool 102, based on the fixture-
tool location 118, consequently indexes the automated
machine 128 relative to the workpiece 170. The geometry
of the workpiece 170 and the known location of the work-
piece 170 relative to the fixture tool 102 are incorporated
in and are accounted for by the programmed tool path of
the automated machine 128.
[0155] Referring to Figs. 1 and 21, in an example, the
indexing apparatus 100 includes the automated machine
128. The automated machine 128 is located in the oper-
ation cell 106. The automated machine 128 is in commu-
nication with the controller 110. The controller 110 is con-
figured to index the automated machine 128 relative to
the fixture-tool location 118 of the fixture tool 102. Refer-
ring to Figs. 22 and 23, in an example, the automated
machine 128 includes the gantry 134. In this example,
the fixture tool 102 and, thus, the workpiece 170 is moved
to the work location 258 within the operation cell 106 and
the gantry 134 and/or the robotic arm 226, coupled to the
gantry 134, moves relative to the fixture tool 102 so that
the end effector 228 follows along the predetermined tool
path.
[0156] In another example (not shown), the robotic arm
226 is a stand-alone robot that has a fixed base within
the operation cell 106. In this example, the fixture tool
102 and, thus, the workpiece 170 is moved to the work
location 258 within the operation cell 106 and the robotic
arm 226 moves relative to the fixture tool 102 so that the
end effector 228 follows along the predetermined tool
path.
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[0157] While the illustrated examples of the indexing
apparatus 100 show only one automated machine 128
(e.g., one robotic arm 226 with one end effector 228) for
performing the manufacturing operation on the work-
piece 170 in the operation cell 106, in other examples,
the indexing apparatus 100 may have any number of
additional automated machines 128 (e.g., additional ro-
botic arms 226 and/or additional end effectors 228).
[0158] Referring to Figs. 1 and 22, in an example, the
manufacturing operation includes a pre-cure composite
assembly operation, such as the composite layup oper-
ation and/or composite lamination operation. In this ex-
ample, the workpiece 170 includes a composite laminate
(e.g., layup of a composite material). The fixture tool 102
includes, or takes the form of, the mandrel 130. The man-
drel 130 is configured to support the composite laminate.
The automated machine 128 includes, or takes the form
of, the automated fiber placement machine 132.
[0159] In an example, the fixture tool 102 is moved into
the work location 258 and the immediate location of the
fixture tool 102 and the workpiece 170 (e.g., the fixture-
tool location 118) is determined using the plurality of
probes 202 and the indexing feature 104, as described
above. Based on the fixture-tool location 118 (e.g., the
location of the fixture tool 102 and the location of the
workpiece 170 relative to the fixture tool 102), the auto-
mated fiber placement machine 132 lays down and/or
consolidates at least a portion of at least one layer of a
stack of composite sheets.
[0160] In one or more other examples (not explicitly
illustrated), the manufacturing operation includes anoth-
er assembly operation or machining operation. In such
examples, the workpiece 170 may be a post-cure com-
posite workpiece, metallic workpiece, plastic workpiece,
or other non-composite workpiece. The fixture tool 102
includes the suitable holding-features 260 (Fig. 1) con-
figured to secure the workpiece 170 during movement to
the operation cell 106 and during the manufacturing op-
eration. The automated machine 128 includes, or takes
the form of, any appropriate machine tool.
[0161] In an example, the indexing apparatus 100 in-
cludes the independent moving mechanism (not shown)
that is configured to move the fixture tool 102 to the work
location 258.
[0162] Figs. 25 and 26 schematically illustrate exam-
ples of the indexing feature 104. Fig. 27 schematically
illustrates an example of the probe 202 and the indexing
feature 104. Generally, the indexing feature 104 includes
at least one interface-index 146. In an example, the in-
terface-index 146 is disposed on (e.g., located or formed
on) the surface 194 of the fixture tool 102. Each one of
the plurality of probes 202 includes the contact-index 148
(Fig. 27). The contact-index 148 is movable relative to
the at least one interface-index 146. The contact-index
148 is configured to engage the interface-index 146 to
enable the probe 202 to locate the indexing feature 104.
Referring to Fig. 27, in an example, each probe 202 in-
cludes a probe head 208. The probe 202 is configured

to move in at least one dimension of the fixed coordinate
system 112 relative to the fixture tool 102 to engage the
probe head 208 with the indexing feature 104. In an ex-
ample, each probe 202 includes a probe shaft 256. The
probe head 208 is coupled to an end of the probe shaft
256. The drive mechanism 252 is configured to extend
and retract the probe shaft 256 to move the probe head
208.
[0163] In an example, the interface-index 146 includes,
or is formed by, at least one interfacing-structure 206 that
is located on the surface 194 of the fixture tool 102. For
example, the interface-index 146 is formed by a portion
of interfacing-structure 206, such as a portion of a surface
of the interfacing-structure 206. In an example, the con-
tact-index 148 includes, or is formed by, the probe head
208. In this example, the probe head 208 is the contact-
ing-structure of the contact-index 148. For example, con-
tact-index 148 is formed by a portion of the probe head
208, such as a portion of a surface of the probe head 208.
[0164] In an example, the probe head 208 is configured
to engage the interfacing-structure 206 so that the con-
tact-index 148 contacts the interface-index 146. The con-
tact-index 148 and the interface-index 146 are configured
to contact and mate with each other when the probe 202
(e.g., the probe head 208) properly engages the indexing
feature 104 (e.g., the interfacing-structure 206).
[0165] Referring to Fig. 25, in an example of the index-
ing feature 104, the interfacing-structure 206 is continu-
ous and extends longitudinally along the surface 194
(e.g., a side surface) of the fixture tool 102. In other words,
the interfacing-structure 206 may be a continuous inter-
facing-structure. In an example, the interfacing-structure
206 may be linear, as illustrated in Fig. 25. In another
example, the interfacing-structure 206 may be non-line-
ar.
[0166] Referring to Fig. 26, in another example of the
indexing feature 104, the interfacing-structure 206 is dis-
continuous and extends longitudinally along the surface
194 of the fixture tool 102. In other words, the interfacing-
structure 206 may be a plurality of discontinuous inter-
face point structures (e.g., also referred to herein as a
plurality of interfacing-structures 206). In an example, the
plurality of interfacing-structures 206 may be arranged
linearly. In another example, the plurality of interfacing-
structures 206 may be arranged non-linearly, as illustrat-
ed in Fig. 26.
[0167] In an example, the probe head 208 and the in-
terfacing-structure 206 have complementary geometric
shapes and dimensions so that corresponding surfaces
of the probe head 208 (e.g., forming the contact-index
148) and interfacing-structure 206 (e.g., forming the in-
terface-index 146) are in contact when the probe 202
properly engages the indexing feature 104. Each one of
the probe head 208 and the interfacing-structure 206 in-
cludes, or takes the form of, any one of various structural
configurations.
[0168] In an example, the interfacing-structure 206 is
a continuous groove formed in (e.g., depending from) the
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surface 194 of the fixture tool 102. In this example, the
probe head 208 is configured to be inserted in a portion
of the interfacing-structure 206. In another example, the
interfacing-structure 206 is a continuous ridge formed on
(e.g., projecting from) the surface 194 of the fixture tool
102. In this example, the probe head 208 is configured
to receive a portion of the interfacing-structure 206. In
another example, each one of the plurality of interfacing-
structures 206 includes an aperture formed in (e.g., de-
pending from) the surface 194. In this example, the probe
head 208 is configured to be inserted in the interfacing-
structure 206. In another example, each one of the plu-
rality of interfacing-structures 206 includes a protrusion
formed on (e.g., projecting from) the surface 194. In this
example, the probe head 208 is configured to receive the
interfacing-structure 206.
[0169] Other structural configurations and/or arrange-
ments of the contact-index 148 (e.g., the probe head 208)
and the interface-index 146 (e.g., the interfacing-struc-
ture 206) are also contemplated.
[0170] In another example of the indexing feature 104,
the interfacing-structure 206 includes, or takes the form
of, at least one surface 194 (e.g., an exterior surface) of
the fixture tool 102. In other words, the surface 194 of
the fixture tool 102 is the interfacing-structure 206 of the
interface-index 146. Each one of the plurality of probes
202 is configured to move the probe head 208 into contact
with the surface 194 of the fixture tool 102. For example,
the drive mechanism 252 extends the probe shaft 256 to
move the probe head 208 into contact with the surface
194 and, thus, place the contact-index 148, formed by a
portion of the surface of the probe head 208, in contact
with the interface-index 146, formed by a portion of the
surface 194 of the fixture tool 102.
[0171] Referring to Fig. 27, in an example of the index-
ing apparatus 100, the probe assembly 250 includes a
displacement sensor 210. The displacement sensor 210
is in communication with each one of the plurality of
probes 202. The displacement sensor 210 is configured
to measure a displacement of the plurality of probes 202
(e.g., each one of the probes 202) in the at least one
dimension of the fixed coordinate system 112, when the
plurality of probes 202 moves into contact with the index-
ing feature 104. In an example, the displacement sensor
210 generates displacement data representing the dis-
placement or movement of the probe 202 and corre-
sponding to the probe location 204. This displacement
data is an example of the probe-location data 254 (Fig.
24) provided to the controller 110.
[0172] Referring to Figs. 21-23, in an example, the in-
dexing apparatus 100 includes the vehicle 160. The ve-
hicle 160 is configured to support the fixture tool 102 and
to move the fixture tool 102 relative to the operation cell
106. In an example, the vehicle 160 is configured to move
the fixture tool 102 and, thus, the workpiece 170 to the
work location 258 at which the plurality of probes 202
extend into engagement with the indexing feature 104 to
perform the locating and indexing operations described

above.
[0173] Referring to Fig. 1, in an example of the indexing
apparatus 100, the vehicle 160 includes, or takes the
form of, the automated guided vehicle 162. Referring to
Figs. 1 and 22, in an example of the indexing apparatus
100, the vehicle 160 includes, or takes the form of, the
cart 164. The cart 164 is configured to travel along the
track 166 running through the operation cell 106.
[0174] In an example, the track 166 is arranged such
that the Z-coordinate of the fixture tool 102 and, thus, the
indexing feature 104 is fixed and remains constant as
the cart 164 travels along the track 166 to the work loca-
tion 258. In this example, the locating operation per-
formed by the plurality of probes 202 need only to deter-
mine the XY-coordinate of the indexing feature 104.
[0175] Referring to Figs. 1 and 21, in another example,
the manufacturing system 168 includes the operation cell
106 and the automated machine 128. The automated
machine 128 is located in the operation cell 106 and is
configured to perform at least one manufacturing oper-
ation. The manufacturing system 168 also includes the
fixture tool 102. The fixture tool 102 is configured to sup-
port the workpiece 170 and is movable relative to the
operation cell 106. The manufacturing system 168 further
includes the indexing feature 104. The indexing feature
104 is fixed relative to the fixture tool 102. For example,
the indexing feature 104 is located on the fixture tool 102.
[0176] The manufacturing system 168 also includes
the plurality of probes 202. The plurality of probes 202 is
movable relative to the operation cell 106 and the fixture
tool 102. The plurality of probes 202 is configured to en-
gage the indexing feature 104. The manufacturing sys-
tem 168 further includes the controller 110 that is in com-
munication with the plurality of probes 202 and the auto-
mated machine 128. The controller 110 is configured to
locate the fixture tool 102 relative to the operation cell
106 from the plurality of probe locations 204 of the plu-
rality of probes 202, engaged with the indexing feature
104. The controller 110 is also configured to index the
automated machine 128 relative to the fixture-tool loca-
tion 118 of the fixture tool 102.
[0177] Referring to Figs. 1 and 24, in an example of
the manufacturing system 168, the controller 110 is con-
figured to determine the plurality of probe locations 204
of the plurality of probes 202, for example, relative to the
reference frame 216 in at least one dimension of the fixed
coordinate system 112. The controller 110 is also con-
figured to determine the indexing-feature location 116 of
the indexing feature 104, for example, relative to the ref-
erence frame 216 in the at least one dimension of the
fixed coordinate system 112, from the plurality of probe
locations 204 of the plurality of probes 202. The controller
110 is further configured to determine the fixture-tool lo-
cation 118 of the fixture tool 102, for example, relative to
the reference frame 216 in the at least one dimension of
the fixed coordinate system 112, from the indexing-fea-
ture location 116 of the indexing feature 104. The con-
troller 110 is also configured to register the digital model
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120, representing the fixture tool 102 and the indexing
feature 104, to the indexing-feature location 116 of the
indexing feature 104 and to convert the model location
126 of the digital model 120, registered to the indexing-
feature location 116, to the fixture-tool location 118 of the
fixture tool 102.
[0178] Referring to Figs. 1 and 21, in an example of
the manufacturing system 168, the fixture tool 102 in-
cludes, or takes the form of, the mandrel 130 that is con-
figured to support a composite laminate and the auto-
mated machine 128 includes, or takes the form of, an
automated fiber placement machine 132.
[0179] Referring to Figs. 21 and 22, in an example of
the manufacturing system 168, the plurality of probes
202 is configured engage the indexing feature 104 while
the fixture tool 102 is inside of the work envelope 140 of
the operation cell 106. In an example of the manufactur-
ing system 168, the indexing feature 104 includes, or
takes the form of, at least one surface 194 of the fixture
tool 102. Each one of the plurality of probes 202 moves
into contact with the at least one surface 194 along at
least one dimension of the fixed coordinate system 112.
[0180] Referring to Figs. 23 and 25-27, in an example
of the manufacturing system 168, the indexing feature
104 includes at least one interface-index 146 that is lo-
cated on the surface 194 of the fixture tool 102. Each one
of the plurality of probes 202 includes the contact-index
148 that is movable relative to the at least one interface-
index 146 and that is configured to engage the at least
one interface-index 146. In an example, the interface-
index 146 includes the interfacing-structure 206 and the
contact-index 148 includes the probe head 208 of a cor-
responding one of the plurality of probes 202. The probe
head 208 is configured to engage the interfacing-struc-
ture 206 so that the contact-index 148 contacts the inter-
face-index 146.
[0181] Referring to Figs. 1 and 21-23, in an example,
the manufacturing system 168 includes vehicle 160. The
vehicle 160 is configured to support the fixture tool 102
and to move the fixture tool 102 relative to the operation
cell 106.
[0182] Referring to Figs. 1 and 21, in an example, the
manufacturing system 168 also includes the track 166.
The track 166 runs through the operation cell 106. In this
example, the vehicle 160 includes, or takes the form of,
the cart 164 that is configured to travel along the track
166.
[0183] Referring to Fig. 28, in an example, the manu-
facturing system 168 includes the second operation cell
172 and the second automated machine 174. The sec-
ond automated machine 174 is located in the operation
cell 106 and is configured to perform at least one man-
ufacturing operation.
[0184] The manufacturing system 168 also includes a
second plurality of probes 212. The second plurality of
probes 212 is movable relative to the second operation
cell 172 and the fixture tool 102. The second plurality of
probes 212 is configured to engage the indexing feature

104. The controller 110 is in communication with the sec-
ond plurality of probes 212 and the second automated
machine 174. The controller 110 is configured to locate
the fixture tool 102 relative to the second operation cell
172 from a second plurality of probe locations 214 of the
second plurality of probes 212, engaged with the indexing
feature 104. The controller 110 is further configured to
index the second automated machine 174 relative to a
second fixture-tool location 180 of the fixture tool 102.
Once indexed, the second automated machine 174 per-
forms at least one manufacturing operation on the work-
piece 170.
[0185] Referring to Figs. 10, 20 and 28, in an example
of the manufacturing system 168, the track 166 extends
from the operation cell 106 to the second operation cell
172 and runs through the second operation cell 172. In
other words, the track 166 links the operation cell 106 to
the second operation cell 172 together. As illustrated in
Figs. 10, 20 and 28, in an example, the operation cell
106 and the second operation cell 172 are arranged in a
continuous linked sequence. In these examples, the
manufacturing system 168 is a continuous flow manu-
facturing system in which at least a portion of one or more
manufacturing operations is performed in each operation
cell. While only two operation cells (e.g., the operation
cell 106 and the second operation cell 172) are shown
by example in Figs. 10, 20 and 28, in other examples,
the manufacturing system 168 may include any number
of operation cells.
[0186] In the examples illustrated in Figs. 10, 20 and
28, an entirety of the fixture tool 102 and an entirely of
the workpiece 170 are located in a corresponding one of
the operation cell 106 and the second operation cell 172,
as the fixture tool 102 and the workpiece 170 travel con-
tinuously along the manufacturing system 168. However,
in another example, the fixture tool 102 and the workpiece
170 extend between more than one operation cell of the
manufacturing system 168. For example, a first portion
(or first section) of the fixture tool 102 and a first portion
(or first section) of the workpiece 170 are located in the
operation cell 106 and a second portion (or second sec-
tion) of the fixture tool 102 and a second portion (or sec-
ond section) of the workpiece 170 are located in the sec-
ond operation cell 172. In this example of the manufac-
turing system 168, the operation cell 106 and the second
operation cell 172 depend upon each other such that the
manufacturing operation performed in the second oper-
ation cell 172 builds upon or adds to the manufacturing
operation performed in the operation cell 106. This ar-
rangement is particularly advantageous for examples in
which the fixture tool 102 and the workpiece 170 are
large, elongate structures. For example, the workpiece
170 may be a spar, a wing section, or a fuselage section
of an aircraft and the fixture tool 102 is a fixture that is
configured to support and securely hold the large work-
piece 170.
[0187] In other examples (not shown) of the manufac-
turing system 168, the operation cell 106 and the second
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operation cell 172 are separately located and independ-
ent of each other. In this example, the vehicle 160 (e.g.,
the automated guided vehicle 162) is configured to move
along the predefined travel path to move the fixture tool
102 and the workpiece 170 between the different oper-
ation cells.
[0188] In the examples illustrated herein, the fixture
tool 102 is a rigid body and the indexing feature 104 is
coupled to the fixture tool 102. However, in other exam-
ples, the fixture tool 102 and the vehicle 160 form a rigid
body. For example, the fixture tool 102 and the vehicle
160 may be integrated into a unitary member. In such
examples, the location of the indexing feature 104 is also
fixed relative to the vehicle 160. For example, the index-
ing feature 104 may be coupled to, disposed on, or oth-
erwise associated with the vehicle 160, rather than the
fixture tool 102.
[0189] As described herein, the locating and indexing
operations advantageously enable the fixture tool 102
and the workpiece 170 to be moved into an approximate
location within the operation cell 106 relative to the au-
tomated machine 128. The immediate location of the fix-
ture tool 102 (e.g., the fixture-tool location 118), for ex-
ample, as determined by the gripper 108, the sensor 184,
or the probes 202 described above, becomes the work
location 258 and the automated machine 128 indexes
itself from the fixture-tool location 118. This operation
improves the cycle time of the manufacturing operation
by eliminating the need for incremental indexing of the
automated machine 128 relative to the workpiece 170
and the need for setting up the workpiece 170 in a spe-
cific, predetermined location using a non-movable fix-
ture.
[0190] As described herein, the locating and indexing
operations also advantageously enable subsequent fix-
ture tools 102 and workpieces 170 to be located at mod-
erately different working locations within the operation
cell 106 and relative to the automated machine 128. In
other words, the work location 258 of the fixture tool 102
and the workpiece 170, at which the manufacturing op-
eration is performed, does not need to be same, fixed
and repeatable, location for subsequent workpieces 170.
[0191] While not explicitly illustrated, in one or more
examples of the indexing apparatus 100 and/or manu-
facturing system 168, the interfacing device 220 includes
a combination (e.g., two or more) of the gripper 108, the
sensor 184, and/or the probes 202. The combination of
the gripper 108, the sensor 184, and/or the probes 202
is used to interface with corresponding indexing features
104 to locate and index the fixture tool 102 based on the
location of the indexing feature 104.
[0192] Fig. 29 is a flow diagram of an example of the
method 1000 of manufacturing. Referring generally to
Figs. 1-10 and particularly to Fig. 29, the method 1000
includes a step of (block 1002) securing the workpiece
170 to the fixture tool 102. With the workpiece 170 se-
cured to the fixture tool 102, the location of the workpiece
170 (the workpiece location 262) is fixed and is known

relative to the fixture tool 102. Additionally, the geometry
of the workpiece 170 (the workpiece geometry 268) is
known. In accordance with the method 1000, locating the
fixture tool 102 relative to the operation cell 106 (e.g.,
relative to the reference frame 216), in turn, locates the
workpiece 170 relative to the operation cell 106 (e.g.,
relative to the reference frame 216).
[0193] The method 1000 includes a step of (block
1004) moving the fixture tool 102 relative to the operation
cell 106. The method 1000 also includes a step of (block
1006) engaging the indexing feature 104 with the gripper
108. The location of the indexing feature 104 (the index-
ing-feature location 116) is fixed and is known relative to
the fixture tool 102. In an example, the indexing feature
104 is coupled to the fixture tool 102. The method 1000
further includes a step of (block 1010), with the gripper
108 engaged to the indexing feature 104, locating the
fixture tool 102 relative to the operation cell 106 from the
location of the gripper 108 (the gripper location 114). The
method 1000 includes a step of (block 1016) indexing
the automated machine 128 relative to the location of the
fixture tool 102 (the fixture-tool location 118). In accord-
ance with the method 1000, indexing the automated ma-
chine 128 relative to the location of the fixture tool 102
(the fixture-tool location 118), in turn, indexes the auto-
mated machine 128 relative to the location of the work-
piece 170 (the workpiece location 262). The method 1000
further includes a step of (block 1018) performing at least
one manufacturing operation on the workpiece 170, us-
ing the automated machine 128. With the automated ma-
chine 128 indexed relative to the location of the fixture
tool 102 (the fixture-tool location 118), the geometry of
the workpiece 170 (the workpiece geometry 268) and the
location of the workpiece 170 (the workpiece location
262) relative to the fixture tool 102 are incorporated in
and are accounted for by the programmed tool path of
the automated machine 128 during performance of the
manufacturing operation.
[0194] In an example, the method 1000 includes a step
of (block 1008) determining the location of the gripper
108 (the gripper location 114) relative to the operation
cell 106, for example, relative to the reference frame 216
in at least one dimension of the fixed coordinate system
112. The method 1000 also includes a step of (block
1012) determining the location of the indexing feature
104 (the indexing-feature location 116) relative to the op-
eration cell 106, for example, relative to the reference
frame 216 in the at least one dimension of the fixed co-
ordinate system 112, from the location of the gripper 108
(the gripper location 114). The method 1000 further in-
cludes a step of
[0195] (block 1014) determining the location of the fix-
ture tool 102 (the fixture-tool location 118) relative to the
operation cell 106, for example, relative to the reference
frame 216 in the at least one dimension of the fixed co-
ordinate system 112, from the location of the indexing
feature 104 (the indexing-feature location 116).
[0196] In an example, the method 1000 includes a step
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of registering the digital model 120, representing the fix-
ture tool 102 and the indexing feature 104, to the location
of the indexing feature 104 (the indexing-feature location
116). The method 1000 also includes a step of converting
the location of the digital model 120 (the model location
126), registered to the location of the indexing feature
104 (the indexing-feature location 116), to the location
of the fixture tool 102 (the fixture-tool location 118). In
other words, the location of the fixture tool 102 (the fix-
ture-tool location 118) is assumed (within tolerance) to
be the same as the location of the digital model 120 (the
model location 126) when the digital model 120 is regis-
tered to the location of the indexing feature 104 (the in-
dexing-feature location 116).
[0197] In an example, the method 1000 includes a step
of moving the fixture tool 102 to the work location 258
(e.g., within the work envelope 140 of the operation cell
106) using the gripper 108, while (e.g., approximately
concurrent with) performing the steps of (block 1008) de-
termining the location of the gripper 108 (the gripper lo-
cation 114) and (block 1008) determining the location of
the indexing feature 104 (the indexing-feature location
116).
[0198] In an example, the method 1000 includes a step
of engaging the interface-index 146 of the indexing fea-
ture 104 with the contact-index 148 of the gripper 108,
for example, when performing the step of (block 1004)
engaging the indexing feature 104 with the gripper 108.
The method 1000 also includes a step of generating the
gripper-location data 238, representing XYZ-coordinates
of the points of contact between the contact-index 148
and the interface-index 146.
[0199] In an example, the method 1000 includes a step
of gripping the plate 150 of the indexing feature 104 with
the jaw assembly 144 of the gripper 108. The method
1000 also includes a step of engaging the interface-index
146, coupled to the plate 150, with the contact-index 148,
coupled to the jaw assembly 144.
[0200] Fig. 30 is a flow diagram of an example of the
method 2000 of manufacturing. Referring generally to
Figs. 1 and 11-20 and particularly to Fig. 30, in an exam-
ple, the method 3000 includes a step of (block 2002)
securing the workpiece 170 to the fixture tool 102. With
the workpiece 170 secured to the fixture tool 102, the
location of the workpiece 170 (the workpiece location
262) is fixed and is known relative to the fixture tool 102.
Additionally, the geometry of the workpiece 170 (the
workpiece geometry 268) is known. In accordance with
the method 1000, locating the fixture tool 102 relative to
the operation cell 106 (e.g., relative to the reference
frame 216), in turn, locates the workpiece 170 relative to
the operation cell 106 (e.g., relative to the reference
frame 216).
[0201] The method 2000 includes a step of (block
2004) moving the fixture tool 102 relative to the operation
cell 106. The method 2000 also includes a step of (block
2006) detecting (e.g., visually identifying) the indexing
feature 104 with the sensor 184. The location of the in-

dexing feature 104 (the indexing-feature location 116) is
fixed and is known relative to the fixture tool 102. In an
example, the indexing feature 104 is located on the fixture
tool 102. The method 2000 further includes a step of
(block 2008) locating the fixture tool 102 relative to the
operation cell 106 from the location of the indexing fea-
ture 104 (the indexing-feature location 116), detected by
the sensor 184.
[0202] The method 2000 also includes a step of (block
2014) indexing the automated machine 128 relative to
the location of the fixture tool 102 (the fixture-tool location
118). In accordance with the method 2000, indexing the
automated machine 128 relative to the location of the
fixture tool 102 (the fixture-tool location 118), in turn, in-
dexes the automated machine 128 relative to the location
of the workpiece 170 (the workpiece location 262). The
method 2000 further includes a step of (block 2016) per-
forming at least one manufacturing operation on the
workpiece 170, using the automated machine 128. With
the automated machine 128 indexed relative to the loca-
tion of the fixture tool 102 (the fixture-tool location 118),
the geometry of the workpiece 170 (the workpiece ge-
ometry 268) and the location of the workpiece 170 (the
workpiece location 262) relative to the fixture tool 102
are incorporated in and are accounted for by the pro-
grammed tool path of the automated machine 128 during
performance of the manufacturing operation.
[0203] In an example, the method 2000 includes a step
of (block 2010) determining the location of the indexing
feature 104 (the indexing-feature location 116) relative
to the operation cell 106, for example, relative to the ref-
erence frame 216 in at least one dimension of the fixed
coordinate system 112, from the sensor data 186, gen-
erated by the sensor 184. The method 2000 also includes
a step of (block 2012) determining the location of the
fixture tool 102 (the fixture-tool location 118) relative to
the operation cell 106, for example, relative to the refer-
ence frame 216 in the at least one dimension of the fixed
coordinate system 112, from the location of the indexing
feature 104 (the indexing-feature location 116).
[0204] In an example, the method 2000 includes a step
of registering the digital model 120, representing the fix-
ture tool 102 and the indexing feature 104, to the location
of the indexing feature 104 (the indexing-feature location
116). The method 2000 also includes a step of converting
the location of the digital model 120 (the model location
126), registered to the location of the indexing feature
104 (the indexing-feature location 116), to the location
of the fixture tool 102 (the fixture-tool location 118). In
other words, the location of the fixture tool 102 (the fix-
ture-tool location 118) is assumed (within tolerance) to
be the same as the location of the digital model 120 (the
model location 126) when the digital model 120 is regis-
tered to the location of the indexing feature 104 (the in-
dexing-feature location 116).
[0205] In an example, the method 2000 includes a step
of detecting (e.g., visually detecting) at least one inter-
facing-structure 192 of the indexing feature 104, located
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on the surface 194 of the fixture tool 102, using the sensor
184. The method 2000 also includes a step of generating
the sensor data 186, representing XYZ-coordinates of
the interfacing-structure 192.
[0206] Fig.31 is a flow diagram of an example of the
method 3000 of manufacturing. Referring generally to
Figs. 1 and 21-28 and particularly to Fig. 30, the method
3000 includes a step of (block 3002) securing the work-
piece 170 to the fixture tool 102. With the workpiece 170
secured to the fixture tool 102, the location of the work-
piece 170 (the workpiece location 262) is fixed and is
known relative to the fixture tool 102. Additionally, the
geometry of the workpiece 170 (the workpiece geometry
268) is known. In accordance with the method 1000, lo-
cating the fixture tool 102 relative to the operation cell
106 (e.g., relative to the reference frame 216), in turn,
locates the workpiece 170 relative to the operation cell
106 (e.g., relative to the reference frame 216).
[0207] The method 3000 includes a step of (block
3004) moving the fixture tool 102 relative to the operation
cell 106. The method 3000 also includes a step of (block
3006) engaging the indexing feature 104 with the plurality
of probes 202. The location of the indexing feature 104
(the indexing-feature location 116) is fixed and is known
relative to the fixture tool 102. In an example, the indexing
feature 104 is coupled to the fixture tool 102. The method
3000 further includes a step of (block 3010), with the
plurality of probes 202 engaged to the indexing feature
104, locating the fixture tool 102 relative to the operation
cell 106 from the locations of the plurality of probes 202
(the plurality of probe locations 204).
[0208] The method 3000 further includes a step of
(block 3016) indexing the automated machine 128 rela-
tive to the location of the fixture tool 102 (the fixture-tool
location 118). In accordance with the method 3000, in-
dexing the automated machine 128 relative to the loca-
tion of the fixture tool 102 (the fixture-tool location 118),
in turn, indexes the automated machine 128 relative to
the location of the workpiece 170 (the workpiece location
262). The method 3000 further includes a step of (block
3018) performing at least one manufacturing operation
on the workpiece 170, using the automated machine 128.
With the automated machine 128 indexed relative to the
location of the fixture tool 102 (the fixture-tool location
118), the geometry of the workpiece 170 (the workpiece
geometry 268) and the location of the workpiece 170 (the
workpiece location 262) relative to the fixture tool 102
are incorporated in and are accounted for by the pro-
grammed tool path of the automated machine 128 during
performance of the manufacturing operation.
[0209] In an example, the method 3000 includes a step
of (block 3008) determining the locations of the plurality
of probes 202 (the plurality of probe locations 204) rela-
tive to the operation cell 106, for example, relative to the
reference frame 216 in at least one dimension of the fixed
coordinate system 112. The method 3000 also includes
at step of (block 3012) determining the location of the
indexing feature 104 (the indexing-feature location 116)

relative to the operation cell 106, for example, relative to
the reference frame 216 in the at least one dimension of
the fixed coordinate system 112, from the locations of
the plurality of probes 202 (the plurality of probe locations
204). The method 3000 further includes a step of (block
3014) determining the location of the fixture tool 102 (the
fixture-tool location 118) relative to the operation cell 106,
for example, relative to the reference frame 216 in the at
least one dimension of the fixed coordinate system 112,
from the location of the indexing feature 104 (the index-
ing-feature location 116).
[0210] In an example, the method 3000 includes a step
of registering the digital model 120, representing the fix-
ture tool 102 and the indexing feature 104, to the location
of the indexing feature 104 (the indexing-feature location
116). The method 3000 includes a step of converting the
location of the digital model 120 (the model location 126),
registered to the location of the indexing feature 104 (the
indexing-feature location 116), to the location of the fix-
ture tool 102 (the fixture-tool location 118). In other words,
the location of the fixture tool 102 (the fixture-tool location
118) is assumed (within tolerance) to be the same as the
location of the digital model 120 (the model location 126)
when the digital model 120 is registered to the location
of the indexing feature 104 (the indexing-feature location
116).
[0211] In an example, the method 3000 includes a step
of moving the fixture tool 102 to the work location 258
(e.g., within the work envelope 140 of the operation cell
106). The method 3000 also includes a step of moving
the plurality of probes 202 into contact with the indexing
feature 104 along at least one dimension of the fixed
coordinate system 112.
[0212] In an example, the method 3000 includes a step
of engaging the interface-index 146 of the indexing fea-
ture 104 with the contact-index 148 of each one of the
probes 202, for example, when performing the step of
(block 3006) engaging the indexing feature 104 with the
plurality of probes 202. The method 3000 also includes
a step of generating the probe-location data 254, repre-
senting XYZ-coordinates of the points of contact between
the contact-index 148 and the interface-index 146.
[0213] In an example, the method 3000 includes a step
of engaging the interfacing-structure 206 of the indexing
feature 104 with the probe head 208 of the probe 202.
The method 1000 also includes a step of engaging the
interface-index 146, formed by the interfacing-structure
206, with the contact-index 148, formed by the probe
head 208.
[0214] Fig. 32 schematically illustrates an example of
the controller 110 and, more particularly, a computing
device 224 of the controller 110. The controller 110 in-
cludes any suitable programmable controller that is con-
figured to control of one or more manufacturing process-
es and to execute one or more computing or data
processing operations. The operations performed by the
various examples of the disclosed indexing apparatus
100, the manufacturing system 168 and the methods
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1000, 2000, 3000 and/or portions thereof are implement-
ed under computer control provided by the controller 110.
The controller 110 may be any number of programmable
controllers and/or include any number of computing de-
vices 224.
[0215] The computing device 224 is an example of a
data processing system used to perform one or more of
the functions provided by the disclosed indexing appa-
ratus 100 and manufacturing system 168 or to implement
one or more of the operational steps of the disclosed
methods 1000, 2000, 3000. The computing device 224
includes a communications bus 602, which provides
communications between a processor unit 604, memory
606, persistent storage 608, a communications unit 610,
an input/output ("I/O") unit 612, and a display 614.
[0216] The communications bus 602 includes one or
more buses, such as a system bus or an input/output
bus. The communications bus 602 is implemented using
any suitable type of architecture that provides for a trans-
fer of data between different components or devices at-
tached to the bus system. The processor unit 604 is any
suitably programmed computer processor configured to
execute instructions, such as software instructions load-
ed onto the memory 606. The processor unit 604 may
be any number of processors, a multi-processor core, a
microprocessor, or any other type of processor, depend-
ing upon implementation of the controller 110.
[0217] The memory 606 and the persistent storage 608
are examples of storage devices 616. The storage device
616 is any piece of hardware that is capable of storing
information including, but not limited to, data, program
code in functional form, and/or other suitable information
either on a temporary basis and/or a permanent basis.
For example, the memory 606 may be a random-access
memory or any other suitable volatile or non-volatile stor-
age device. The memory 606 may also be referred to as
a non-transitory computer-readable storage medium.
[0218] The persistent storage 608 may take various
forms, depending on implementation. The persistent
storage 608 may contain one or more components or
devices. For example, persistent storage 608 may be a
hard drive, a flash memory, a rewritable optical disk, a
rewritable magnetic tape, or some combination thereof.
[0219] The communications unit 610 provides for com-
munication with other data processing systems or devic-
es, such as by a wired and/or wireless communications
links. The communications unit 610 may include one or
more devices used to transmit and receive data, such as
a network interface card, a modem, or a network adapter.
[0220] The input/output unit 612 enables input and out-
put of data with other devices connected to controller
110. For example, the input/output unit 612 may provide
a connection for input through a keyboard, a mouse,
and/or some other suitable input device. Further, the in-
put/output unit 612 may send output to the display 614
for display of information.
[0221] Instructions for the operating system, applica-
tions, and/or programs may be located in the storage

devices 616, which are in communication with the proc-
essor unit 604 through the communications bus 602. In
an example, computer-implemented instructions are in
a functional form on the persistent storage 608. The in-
structions are loaded into the memory 606 for execution
by processor unit 604. One or more of the processes
and/or operations described herein are performed by the
processor unit 604 using the computer implemented in-
structions.
[0222] The computer-implemented instructions may
be referred to as program code, computer usable pro-
gram code, or computer readable program code that is
readable and executable by at least one processor of the
processor unit 604. The program code may be embodied
on different physical or computer readable storage me-
dia, such as the memory 606 or the persistent storage
608.
[0223] In an example, program code 618 is in a func-
tional form on computer readable media 620, which is
selectively removable and may be loaded onto or trans-
ferred to the computing device 224 for execution by the
processor unit 604. In an example, the program code 618
and the computer readable media 620 form a computer
program product 622. The computer readable media 620
may be computer readable storage media 624 or com-
puter readable signal media 626.
[0224] Computer readable storage media 624 may in-
clude, but is not limited to, an optical or magnetic disk
that is inserted or placed into a drive or other device that
is part of persistent storage 608 for transfer onto a storage
device, such as a hard drive, that is part of persistent
storage 608. The computer readable storage media 624
may take the form of a persistent storage, such as a hard
drive, a thumb drive, a network apparatus, the cloud, flash
memory, optical disk, magnetic disk, and the like. The
computer readable storage media 624 is connected or
is otherwise transferred to the computing device 224.
[0225] In an example, the operations performed by the
various examples of the disclosed indexing apparatus
100 and manufacturing system 168 and the operational
steps implemented by the various examples of the dis-
closed methods 1000, 2000, 3000 and/or portions thereof
may be implemented as or utilize a computer program
product that includes a non-transitory computer readable
memory medium and computer controlling instructions
stored on the non-transitory computer readable memory
medium that is executed by a computer processor.
[0226] Thus, various implementations of the appara-
tuses, systems, and methods described herein may be
realized in digital electronic circuitry, integrated circuitry,
specially designed ASICs (application specific integrated
circuits), computer hardware, firmware, software, and/or
combinations thereof. The various implementations may
include implementation in one or more computer pro-
grams that are executable and/or interpretable on a pro-
grammable system including at least one programmable
processor, which may be special or general purpose,
coupled to receive data and instructions from, and to
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transmit data and instructions to, a storage system, at
least one input device, and at least one output device.
[0227] The computer programs (also known as pro-
grams, software, software applications or code) include
machine instructions for a programmable processor and
may be implemented in a high-level procedural and/or
object-oriented programming language, and/or in as-
sembly/machine language. As used herein, the terms
"machine-readable medium" "computer-readable medi-
um" refers to any computer program product, apparatus
and/or device (e.g., magnetic discs, optical disks, mem-
ory, Programmable Logic Devices (PLDs)) used to pro-
vide machine instructions and/or data to a programmable
processor, including a machine-readable medium that
receives machine instructions as a machine-readable
signal. The term "machine-readable signal" refers to any
signal used to provide machine instructions and/or data
to a programmable processor.
[0228] \While one or more of the examples described
herein relate to fully automated manufacturing systems
and operations, in one or more other examples, the in-
dexing apparatus 100, the manufacturing system 168,
and methods 1000, 2000, 3000 are used with partially
automated manufacturing systems and operations or
manual manufacturing systems and operations in which
the fixture tool 102 is located relative to a work station
and a manufacturing machine is indexed relative to the
fixture tool 102 for performing one or more manufacturing
operations on the workpiece 170. Such manufacturing
operations include subtractive manufacturing opera-
tions, additive manufacturing operations, and assembly
operations performed on the workpiece 170. In an exam-
ple, the manufacturing operation is performed on a post-
cure composite material or other material. In another ex-
ample, the manufacturing operation is performed on a
pre-cure composite material, such as composite layup
operations and composite lamination operations.
[0229] Referring now to Figs. 33 and 34, examples of
the indexing apparatus 100, the manufacturing system
168, and the methods 1000, 2000, 3000 may be used in
the context of an aircraft manufacturing and service
method 1100, as shown in the flow diagram of Fig. 33
and an aircraft 1200, as schematically illustrated in Fig.
34.
[0230] \Fig. 34 is an illustrative example of the aircraft
1200. The aircraft 1200 includes an airframe 1202 and
a plurality of high-level systems 1204. Examples of the
high-level systems 1204 include one or more of a pro-
pulsion system 1208, an electrical system 1210, a hy-
draulic system 1212, and an environmental system 1214.
In other examples, the aircraft 1200 may include any
number of other types of systems, such as a communi-
cations system, a guidance system, .and the like. The
workpiece 170 may be any one of a structure, an assem-
bly, a sub-assembly, a component, and a part of the air-
frame 1202 or the interior 1206. For example, the work-
piece 170 may be any one of an aircraft spar, a wing
section, a fuselage section, an interior panel, an exterior

skin panel, and the like.
[0231] As illustrated in Fig. 33, during pre-production,
the method 1100 may include specification and design
of the aircraft 1200 (block 1102) and material procure-
ment (block 1104). During production of the aircraft 1200,
component and subassembly manufacturing (block
1106) and system integration (block 1108) of the aircraft
1200 may take place. Thereafter, the aircraft 1200 may
go through certification and delivery (block 1110) to be
placed in service (block 1112). Routine maintenance and
service (block 1114) may include modification, reconfig-
uration, refurbishment, etc. of one or more systems of
the aircraft 1200.
[0232] Each of the processes of the method 1100 il-
lustrated in Fig. 33 may be performed or carried out by
a system integrator, a third party, and/or an operator (e.g.,
a customer). For the purposes of this description, a sys-
tem integrator may include, without limitation, any
number of spacecraft manufacturers and major-system
subcontractors; a third party may include, without limita-
tion, any number of vendors, subcontractors, and sup-
pliers; and an operator may be an airline, leasing com-
pany, military entity, service organization, and so on.
[0233] Examples of the indexing apparatus 100, the
manufacturing system 168, and the methods 1000, 2000,
3000 shown and described herein may be employed dur-
ing any one or more of the stages of the manufacturing
and service method 1100 shown in the flow diagram il-
lustrated by Fig. 33. In an example, implementation of
the disclosed indexing apparatus 100, manufacturing
system 168, and methods 1000, 2000, 3000 may form a
portion of component and subassembly manufacturing
(block 1106) and/or system integration (block 1108). For
example, assembly of the aircraft 1200, the airframe
1202, and/or components thereof using implementations
of the disclosed indexing apparatus 100, manufacturing
system 168, and methods 1000, 2000, 3000 may corre-
spond to component and subassembly manufacturing
(block 1106) and may be prepared in a manner similar
to components or subassemblies prepared while the air-
craft 1200 is in service (block 1112). Also, implementa-
tions of the disclosed indexing apparatus 100, manufac-
turing system 168, and methods 1000, 2000, 3000 may
be utilized during system integration (block 1108) and
certification and delivery (block 1110). Similarly, imple-
mentations of the disclosed indexing apparatus 100,
manufacturing system 168, and methods 1000, 2000,
3000 may be utilized, for example and without limitation,
while the aircraft 1200 is in service (block 1112) and dur-
ing maintenance and service (block 1114).
[0234] Referring to Fig. 1 and 34, also disclosed is a
method of fabricating a portion of the aircraft 1200 (Fig.
34) using the indexing apparatus 100 (Fig. 1) and a meth-
od of fabricating a portion of the aircraft 1200 using the
manufacturing system 168 (Fig. 1). Referring to Fig. 29
and 34, also disclosed is a portion of the aircraft 1200
assembled according to the method 1000 (Fig. 29). Re-
ferring to Fig. 30 and 34, also disclosed is a portion of
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the aircraft 1200 assembled according to the method
2000 (Fig. 30). Referring to Fig. 31 and 34, also disclosed
is a portion of the aircraft 1200 assembled according to
the method 3000 (Fig. 31). The portion of the aircraft
1200 includes one or more of a structure, a component,
a part, an assembly, and a sub-assembly of any one of
the airframe 1202, the interior 1206, and the high-level
systems 1204.
[0235] As used herein, a system, apparatus, device,
structure, article, element, component, or hardware "con-
figured to" perform a specified function is indeed capable
of performing the specified function without any altera-
tion, rather than merely having potential to perform the
specified function after further modification. In other
words, the system, apparatus, device, structure, article,
element, component, or hardware "configured to" per-
form a specified function is specifically selected, created,
implemented, utilized, programmed, and/or designed for
the purpose of performing the specified function. As used
herein, "configured to" denotes existing characteristics
of a system, apparatus, structure, article, element, com-
ponent, or hardware that enable the system, apparatus,
structure, article, element, component, or hardware to
perform the specified function without further modifica-
tion. For purposes of this disclosure, a system, appara-
tus, device, structure, article, element, component, or
hardware described as being "configured to" perform a
particular function may additionally or alternatively be de-
scribed as being "adapted to" and/or as being "operative
to" perform that function.
[0236] For the purpose of this disclosure, the terms
"coupled," "coupling," and similar terms refer to two or
more elements that are joined, linked, fastened, at-
tached, connected, put in communication, or otherwise
associated (e.g., mechanically, electrically, fluidly, opti-
cally, electromagnetically) with one another. In various
examples, the elements may be associated directly or
indirectly. As an example, element A may be directly as-
sociated with element B. As another example, element
A may be indirectly associated with element B, for exam-
ple, via another element C. It will be understood that not
all associations among the various disclosed elements
are necessarily represented. Accordingly, couplings oth-
er than those depicted in the figures may also exist.
[0237] As used herein, the terms "about" and "approx-
imately" refer to or represent a condition that is close to,
but not exactly, the stated condition that still performs the
desired function or achieves the desired result. As an
example, the terms "about" and "approximately" refer to
a condition that is within an acceptable predetermined
tolerance or accuracy. For example, the terms "about"
and "approximately" refer to a condition that is within 10%
of the stated condition. However, the terms "about" and
"approximately" do not exclude a condition that is exactly
the stated condition.
[0238] In Figs. 1, 7, 16, 25, 32 and 34, referred to
above, the blocks may represent functional elements,
features, or components thereof and lines connecting the

various blocks do not necessarily imply any particular
structure. Accordingly, modifications, additions and/or
omissions may be made to the illustrated structure. Ad-
ditionally, those skilled in the art will appreciate that not
all elements described and illustrated in Figs. 1-29, 32
and 34, referred to above, need be included in every ex-
ample and not all elements described herein are neces-
sarily depicted in each illustrative example. Unless oth-
erwise explicitly stated, the schematic illustrations of the
examples depicted in Figs. 1-29, 32 and 34 referred to
above, are not meant to imply structural limitations with
respect to the illustrative example. Rather, although one
illustrative structure is indicated, it is to be understood
that the structure may be modified when appropriate.
[0239] In Figs. 29-31 and 33, referred to above, the
blocks may represent operations, steps, and/or portions
thereof and lines connecting the various blocks do not
imply any particular order or dependency of the opera-
tions or portions thereof. It will be understood that not all
dependencies among the various disclosed operations
are necessarily represented. Figs. 29-31 and 33 and the
accompanying disclosure describing the operations of
the disclosed methods set forth herein should not be in-
terpreted as necessarily determining a sequence in
which the operations are to be performed. Rather, al-
though one illustrative order is indicated, it is to be un-
derstood that the sequence of the operations may be
modified when appropriate. Accordingly, modifications,
additions and/or omissions may be made to the opera-
tions illustrated and certain operations may be performed
in a different order or simultaneously. Additionally, those
skilled in the art will appreciate that not all operations
described need be performed.
[0240] Further, references throughout the present
specification to features, advantages, or similar language
used herein do not imply that all of the features and ad-
vantages that may be realized with the examples dis-
closed herein should be, or are in, any single example.
Rather, language referring to the features and advantag-
es is understood to mean that a specific feature, advan-
tage, or characteristic described in connection with an
example is included in at least one example. Thus, dis-
cussion of features, advantages, and similar language
used throughout the present disclosure may, but do not
necessarily, refer to the same example.
[0241] The described features, advantages, and char-
acteristics of one example may be combined in any suit-
able manner in one or more other examples. One skilled
in the relevant art will recognize that the examples de-
scribed herein may be practiced without one or more of
the specific features or advantages of a particular exam-
ple. In other instances, additional features and advan-
tages may be recognized in certain examples that may
not be present in all examples. Furthermore, although
various examples of the indexing apparatus 100, the
manufacturing system 168, and the methods 1000, 2000,
3000 have been shown and described, modifications
may occur to those skilled in the art upon reading the
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specification.
[0242] Furthermore, the disclosure comprises exam-
ples according to the following clauses:

CLAUSES

[0243]

1. An indexing apparatus, comprising:

a fixture tool, movable relative to an operation
cell;
an indexing feature, fixed relative to the fixture
tool;
a gripper, configured to engage the indexing fea-
ture; and
a controller, in communication with the gripper,
wherein the controller is configured to locate the
fixture tool relative to the operation cell from a
gripper location of the gripper, engaged with the
indexing feature.

2. The apparatus of clause 1, wherein the controller
is further configured to:

determine the gripper location of the gripper in
at least one dimension of a fixed coordinate sys-
tem;
determine an indexing-feature location of the in-
dexing feature in the at least one dimension of
the fixed coordinate system from the gripper lo-
cation of the gripper; and
determine a fixture-tool location of the fixture tool
in the at least one dimension of the fixed coor-
dinate system from the indexing-feature location
of the indexing feature.

3. The apparatus of clause 2, wherein the controller
is further configured to:

register a digital model, representing the fixture
tool and the indexing feature, to the indexing-
feature location of the indexing feature; and
convert a model location of the digital model,
registered to the indexing-feature location, to the
fixture-tool location of the fixture tool.

4. The apparatus of clause 2 or 3, wherein the con-
troller is further configured to index an automated
machine relative to the fixture-tool location of the fix-
ture tool.

5. The apparatus of clause 4, wherein:

the fixture tool comprises a mandrel, configured
to support a pre-cure composite laminate; and
the automated machine is configured to perform
a pre-cure manufacturing operation on the pre-

cure composite laminate.

6. The apparatus of clause 4 or 5, wherein:

the fixture tool comprises a holding-feature, con-
figured to secure a post-cure composite struc-
ture; and
the automated machine is configured to perform
a post-cure manufacturing operation on the
post-cure composite structure.

7. The apparatus of clause 4, 5 or 6, wherein:

the gripper is coupled to the automated ma-
chine; and
the automated machine is configured to move
the gripper relative to the fixture tool (102) in at
least one dimension of the fixed coordinate sys-
tem.

8. The apparatus of any of the preceding clauses,
further comprising a drive assembly, coupled to the
gripper and configured to move the gripper relative
to the fixture tool.

9. The apparatus of clause 8, wherein the gripper is
configured to move the fixture tool inside of a work
envelope of the operation cell.

10. The apparatus of any of the preceding clauses,
wherein:

the indexing feature comprises:

a plate, extending from the fixture tool; and
an interface-index, located on the plate; and

the gripper comprises:

a jaw assembly, configured to grip the plate;
and
a contact-index, coupled to the jaw assem-
bly and configured to engage the interface-
index.

11. A method of fabricating a portion of an aircraft
using the apparatus of any of the preceding clauses.

12. A manufacturing system, preferably comprising
the indexing apparatus of any of clauses 1-10, the
manufacturing system comprising:

an automated machine, located in an operation
cell and configured to perform at least one man-
ufacturing operation;
a fixture tool, configured to support a workpiece
and movable relative to the operation cell;
an indexing feature, fixed relative to the fixture
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tool;
a gripper, configured to engage the indexing fea-
ture; and
a controller, in communication with the gripper
and the automated machine; and wherein:

the controller is configured to locate the fix-
ture tool relative to the operation cell from
a gripper location of the gripper, engaged
with the indexing feature; and
the controller is further configured to index
the automated machine relative to a fixture-
tool location of the fixture tool.

13. The system of clause 12, wherein the controller
is further configured to:

determine the gripper location of the gripper in
at least one dimension of a fixed coordinate sys-
tem;
determine an indexing-feature location of the in-
dexing feature in the at least one dimension of
the fixed coordinate system from the gripper lo-
cation of the gripper; and
determine the fixture-tool location of the fixture
tool in the at least one dimension of the fixed
coordinate system from the indexing-feature lo-
cation of the indexing feature.

14. The system of clause 13, wherein the controller
is further configured to:

register a digital model, representing the fixture
tool and the indexing feature, to the indexing-
feature location of the indexing feature; and
convert a model location of the digital model,
registered to the indexing-feature location, to the
fixture-tool location of the fixture tool.

15. The system of any of clauses 12-14, wherein:

the fixture tool comprises a mandrel, configured
to support a composite laminate; and
the automated machine comprises an automat-
ed fiber placement machine.

16. The system of any of clauses 12-15, wherein:

the gripper is coupled to the automated ma-
chine; and
the automated machine is configured to move
the gripper relative to the fixture tool.

17. The system of any of clauses 12-16, wherein:

the indexing feature comprises at least one in-
terface-index; and
the gripper comprises at least one contact-in-

dex, configured to engage the at least one inter-
face-index.

18. The system of any of clauses 12-17, further com-
prising a vehicle, configured to support the fixture
tool and move the fixture tool relative to the operation
cell, and wherein the vehicle comprises one of an
automated guided vehicle and a cart, configured to
travel along a track running through the operation
cell.

19. The system of any of clauses 12-18, further com-
prising:

a second operation cell;
a second automated machine, located in the
second operation cell and configured to perform
at least one manufacturing operation; and
a second gripper, configured to engage the in-
dexing feature; and wherein:

the controller is in communication with the
second gripper and the second automated
machine;
the controller is configured to locate the fix-
ture tool relative to the second operation cell
from a second gripper-location of the sec-
ond gripper, engaged with the indexing fea-
ture; and
the controller is further configured to index
the second automated machine relative to
a second fixture-tool location of the fixture
tool.

20. A method of fabricating a portion of an aircraft
using the system of any of clauses 11-19.

21. A method of manufacturing, the method compris-
ing:

moving a fixture tool relative to an operation cell;
engaging an indexing feature with a gripper;
locating the fixture tool relative to the operation
cell from a gripper location of the gripper, en-
gaged with the indexing feature; and
indexing an automated machine relative to a fix-
ture-tool location of the fixture tool.

22. The method of clause 21, further comprising:

determining the gripper location of the gripper
in at least one dimension of a fixed coordinate
system;
determining an indexing-feature location of the
indexing feature in the at least one dimension
of the fixed coordinate system from the gripper
location of the gripper; and
determining the fixture-tool location of the fixture
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tool in the at least one dimension of the fixed
coordinate system from the indexing-feature lo-
cation of the indexing feature.

23. The method of clause 21 or 22, further compris-
ing:

gripping the indexing feature with a grip head of
the gripper; and
engaging at least one interface-index of the in-
dexing feature with at least one contact-index,
coupled to the grip head.

24. A portion of an aircraft assembled according to
the method of any of clauses 20-23.

Claims

1. An indexing apparatus (100), comprising:

a fixture tool (102), configured to support a work-
piece (170) and movable relative to an operation
cell (106);
an indexing feature (104), fixed relative to the
fixture tool (102);
a gripper (108), configured to engage the index-
ing feature; and
a controller (110), in electrical and/or data com-
munication with the gripper (108), wherein the
controller (110) is configured to determine a grip-
per location (114), engaged with the indexing
feature (104), and to locate the fixture tool (102)
relative to the operation cell (106) from the de-
termined gripper location (114) of the gripper.

2. The apparatus (100) of claim 1, wherein the control-
ler (110) is further configured to:

determine the gripper location (114) of the grip-
per (108) in at least one dimension of a fixed
coordinate system (112);
determine an indexing-feature location (116) of
the indexing feature (104) in the at least one
dimension of the fixed coordinate system (112)
from the gripper location (114) of the gripper
(108); and
determine a fixture-tool location (118) of the fix-
ture tool (102) in the at least one dimension of
the fixed coordinate system from the indexing-
feature location (116) of the indexing feature
(104).

3. The apparatus of claim 2, wherein the controller
(110) is configured to load a digital model (120) rep-
resenting the geometry of the indexing feature (104)
and the fixture tool (102), optionally also represent-
ing the geometry of the workpiece (170), wherein the

controller is further configured to determine the fix-
ture-tool location (118) representative of the work-
piece location (262) and/or a workpiece location
(262) of the workpiece (170) based on the deter-
mined indexing-feature location (106) and the load-
ed digital model (120).

4. The apparatus (100) of claim 2 or 3, wherein the
controller (110) is further configured to:

register a digital model (120), representing the
fixture tool (102) and the indexing feature (104),
to the indexing-feature location (116) of the in-
dexing feature (104); and
convert a model location (126) of the digital mod-
el (120), registered to the indexing-feature loca-
tion, to the fixture-tool location (118) of the fixture
tool (102).

5. The apparatus (100) of claim 2, 3 or 4, wherein the
controller (110) is further configured to index an au-
tomated machine (128) relative to the fixture-tool lo-
cation (118) of the fixture tool (102), wherein option-
ally:

the fixture tool (102) comprises a mandrel (130),
configured to support composite laminate, op-
tionally a pre-cure composite laminate; and
the automated machine (128) is configured to
perform a pre-cure manufacturing operation on
the composite laminate;
and/or wherein optionally
the fixture tool (102) comprises a holding-fea-
ture (260), configured to secure a post-cure
composite structure; and
the automated machine (128) is configured to
perform a post-cure manufacturing operation on
the post-cure composite structure.

6. The apparatus (100) of any of the preceding claims,
wherein:

the gripper (108) is coupled to the automated
machine (128); and
the automated machine (128) is configured to
move the gripper (108) relative to the fixture tool
(102) in at least one dimension of the fixed co-
ordinate system.

7. The apparatus of any of the preceding claims, further
comprising a drive assembly (138), coupled to the
gripper (108) and configured to move the gripper
(108_relative to the fixture tool, wherein the gripper
(108) is optionally configured to move the fixture tool
inside of a work envelope of the operation cell (106).

8. The apparatus of any of the preceding claims, where-
in:
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the indexing feature comprises:

a plate, extending from the fixture tool; and
an interface-index, located on the plate; and

the gripper comprises:

a jaw assembly, configured to grip the plate;
and
a contact-index, coupled to the jaw assem-
bly and configured to engage the interface-
index.

9. A manufacturing system comprising:

an automated machine (128), located in an op-
eration cell (106) and configured to perform at
least one manufacturing operation;
the indexing apparatus (100) as claimed in any
of the preceding claims;
wherein the controller (110) is further configured
to index the automated machine (128) relative
to a fixture-tool location (118) of the fixture tool
(102).

10. The system of claim 9, wherein:

the fixture tool (102) comprises a mandrel (130),
configured to support a composite laminate; and
the automated machine (128) comprises an au-
tomated fiber placement machine (132).

11. The system of any of claims 9-10, further comprising
a vehicle (160), configured to support the fixture tool
(102) and move the fixture tool (102) relative to the
operation cell, and wherein the vehicle (160) com-
prises one of an automated guided vehicle and a cart
(164_, configured to travel along a track (166) run-
ning through the operation cell.

12. The system of any of claims 9-11, further comprising:

a second operation cell (106);
a second automated machine (128), located in
the second operation cell and configured to per-
form at least one manufacturing operation; and
a second gripper (108), configured to engage
the indexing feature; and wherein:

the controller (110) is in electrical and/or da-
ta communication with the second gripper
and the second automated machine;
the controller (110) is configured to locate
the fixture tool relative to the second oper-
ation cell from a second gripper-location
(108) of the second gripper, engaged with
the indexing feature; and
the controller (110) is further configured to

index the second automated machine rela-
tive to a second fixture-tool location of the
fixture tool.

13. A method of manufacturing, the method comprising:

moving a fixture tool (102) relative to an opera-
tion cell (106);
engaging an indexing feature (104) with a grip-
per (108);
determining a gripper location (114) of the grip-
per (108), engaged with the indexing feature;
and
locating the fixture tool (102) relative to the op-
eration cell (116) from the determined gripper
location (114); and
indexing an automated machine (128) relative
to a fixture-tool location (118) of the fixture tool
(102).

14. The method of claim 13, further comprising:

determining the gripper location (114) of the
gripper (108) in at least one dimension of a fixed
coordinate system (112);
determining an indexing-feature location (116)
of the indexing feature in the at least one dimen-
sion of the fixed coordinate system from the grip-
per location (114) of the gripper (108); and
determining the fixture-tool location of the fixture
tool in the at least one dimension of the fixed
coordinate system from the indexing-feature lo-
cation of the indexing feature and/or the method
further comprising:

loading a digital model (120) representing
the geometry of the indexing feature (104)
and the fixture tool (102), optionally also
representing the geometry of the workpiece
(170); and
determining the fixture-tool location (118)
representative of the workpiece location
(262) and/or a workpiece location (262) of
the workpiece (170) based on the deter-
mined indexing-feature location (106) and
the loaded digital model (120).

15. The method of claim 13 or 14, further comprising:

gripping the indexing feature (104) with a grip
head (232) of the gripper (108); and
engaging at least one interface-index (146) of
the indexing feature (104) with at least one con-
tact-index, coupled to the grip head (232).
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